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Chapter 1. General introduction 
1. Introduction to plant secondary metabolites   
Motility is the hallmark character of animals, it helps them to escape from external dangers, 
and the immune system provides them with a powerful defense strategy against pathogens. By 
contrast, plants are immobile and have no immune system. Alternatively, plants produce 
secondary metabolites as an efficient defense mechanism against biotic stresses (herbivores 
and pathogens), and they can play a crucial role in tolerating abiotic environmental stresses. 
Generally, secondary metabolites are compounds that are not required to maintain growth and 
reproduction in plants. They are not involved directly in many fundamental physiological 
processes such as photosynthesis, plant nutrition, and respiration, but they can contribute to the 
plant’s survival in the ecosystem (Bartwal et al. 2013).  
Plants can benefit from secondary metabolites in various ways. They include allelochemicals 
involved in interactions with microorganisms, herbivores, and other plants sharing the same 
ecological niche. Not only defense is essential, but many volatile secondary metabolites can 
also represent essential odor cues to pollinating insects (Hadacek 2002).  
So far, more than 100,000 secondary metabolites have been characterized in plants, and their 
actual number can be significantly higher because only 20–30 % of the existing plant species 
have been studied to some extent. The most diverse groups of secondary metabolites are 
terpenoids and alkaloids, with a number of known structures exceeds 20000 compounds in 
each group (Wink 2010). 
Apart from the direct benefits of secondary metabolites, they provide a significant source of 
lead structures for therapeutic agents to humankind. The prominent presence of plants in 
ethnobotany reflects this impressively. The vast diversity of plant secondary metabolites has 
enabled humans to develop an effective treatment for many health disorders. Few secondary 
metabolites, such as some alkaloids, target neurotransmitter receptors, whereas the majority of 






2. Major biosynthetic pathways 
Although the diversity of secondary metabolites is vast, their biosynthesis starts from a 
comparatively small number of precursors from primary metabolism, such as acetate, pyruvate, 
amino acids, intermediaries of the Calvin cycle, and end products of the shikimate pathway 




















Figure 1.  Biosynthesis pathways of major secondary metabolites groups (based on Wink 
2010). Some steps are omitted for clarity. (A) Groups of secondary metabolites derived from 
glycolysis, acetyl-coenzyme A, and citric acid cycle, Abbreviations: IPP, isopentenyl 
diphosphate; DMAPP, dimethylallyl diphosphate. (B) Groups of secondary metabolites 







The concept of allelopathy has changed during the existence of its term. It was applied to plant 
ecology in explaining the interference of the plants in their natural habitats. This interference 
occurs due to the release of chemical compounds into the environment, which inhibit the 
growth of the neighboring plants (Chou 2006; Muller 1969). The term “allelochemics” was 
firstly used about fifty years ago. It referred to the chemical interactions by which organisms 
of one species can affect the health, growth, and behavior of another species (Whittaker and 
Feeny 1971). Then, the term was changed to “allelochemical” by Chou and Waller (1983). The 
International Allelopathy Society considered the concept of allelopathy as “any process 
involving secondary metabolites produced by plants, algae, bacteria, and fungi that influences 
the growth and development of agriculture and biological systems” (Chou 2006). 
Generally, higher plants can release organic compounds into the environment through 
volatilization, leaching from leaves, or being exuded from roots (Einhellig 1994). Zhu et al. 
(2016) opined that specific secondary metabolites, which might have a role in plant defense 
interference and invasion success, accumulate in the root under the influence of biological and 
chemical stimulation. More recently, the phenomenon of allelopathy has been linked to the 
success of some invasive weed species in colonizing new areas. The hypothesis supposed that 
the invasive species release allelochemicals to the environment as novel weapons to cope with 
the native species, which have not yet adapted to tolerate these compounds as efficiently as the 
invasive plants (Callaway and Aschehoug 2000). However,  allelopathy is a multifaceted 
phenomenon in which several factors can be involved, such as environmental conditions and 
the interaction with untargeted microorganisms, amongst others (Hadacek 2002). 
In classical phytochemical studies, allelochemicals have been extracted with organic solvents. 
Artificial extraction methods can lead to various types and quantities of secondary metabolites 
that can differ from those released naturally in the field. However, even if phytotoxins or 
antimicrobials are extracted from plant organs, that does not infer automatically that those 
compounds will be constituents of leaf leachates or root exudates (Cantor et al. 2011; Lorenzo 
et al. 2011; E.L. Rice 1984; Song et al. 2018). The leaching phenomenon was defined as the 
removal of metabolites from plant foliage by aqueous solutions, including rain, dew, fog, and 
mist (Tukey 1970). Rice (1979; 1984) has reviewed several studies in which allelochemicals 
were detected in the leachate of living plants and plant residues and were explored in terms of 
their phytotoxic effects. The investigation of rain leachate is a reliable ecological approach for 





Recently, Song et al. (2018) collected rain leachates from living plants to identify and quantify 
the allelochemicals using GC-MS, as well as to assess their phytotoxicity. 
Soil acts as a medium for the diffusion of allelochemicals. Exuded or leached chemicals can 
affect not only the germination of seeds and plant health in general but also impact soil 
microorganisms and other processes in soil, such as nitrogen fixation, mineralization, amongst 
others (Lalljee and Facknath 2000). Conversely, microorganisms have an exceptional ability 
to convert and detoxify plant-derived secondary metabolites or even utilize them as carbon 
sources (Vokou et al. 2006). Zackrisson and Nilsson (1992) showed that microorganisms could 
detoxify allelochemicals even under environmental conditions. Phytotoxic extracts passed 
through living soil were detoxified, while sterilization of soil caused this effect to disappear. 
In contrast to these findings, transformation products of allelochemicals via microorganisms 
have been proven as strong allelochemicals with the potential to intensify the activity of the 
original compounds (Ambika 2013). 
Consequently, the interaction between soil microorganisms and the released secondary 
metabolites cannot be neglected when studying allelopathy. In this context, Lou et al. (2016) 
explored the interaction between soil microorganisms and cover crop-derived allelochemicals 
and their effect on weed germination. The study showed that microorganisms could directly 
suppress weed germination and growth but can also indirectly support weed development by 
degrading allelochemicals derived from cover crops. 
4. Interaction with herbivores 
In the earlier research, the mechanism of plant defense against herbivores was associated 
mainly with the activity of secondary metabolites. However, more recent studies suggest that 
the role of secondary metabolites probably had been exaggerated in the earlier studies. 
Nevertheless, there are still strong proofs to support the hypothesis of the essential role of 
secondary metabolites in defense against herbivores (Agrawal and Weber 2015). Herbivores 
are confronted by a wide range of toxic secondary metabolites, which can strongly affect their 
fundamental physiological processes and decrease diet digestibility (Howe and Jander 2008). 
The toxic secondary metabolites are stored in the vacuoles or excreted to the apoplast 
(Sirikantaramas et al. 2007). 
Furthermore, secondary metabolites can accumulate in different specialized plant tissues, such 





particular feeding strategy to avoid these toxic tissues (see review by Städler 1992). Many 
insect herbivores tolerate the plant's toxic metabolites through a toxins sequestration strategy. 
These herbivores can accumulate the toxins in particular tissues using specific transporters and 
reuse them to defend themselves. Moreover, some herbivores have enzymes to increase the 
activity of sequestered toxins (Erb and Robert 2016).  
On the other hand, plants can positively affect the third trophic level by releasing signals to 
attract the natural enemies of the herbivores.  They can also provide these enemies with refuge 
or a supportive diet such as nectar and pollen (Rahier and Pasteels 1992). 
5. Interaction with pathogens 
The first studies that documented the role of plant metabolites in defense against pathogenic 
microorganisms appeared in the 1940s (Bailey and Mansfield 1982; Städler 1992). A 
considerable number of studies proved the antibacterial and antifungal activities of a plant 
secondary metabolites have been published. Despite the enormous number of metabolites, 
which have been reported in vitro as active compounds against pathogens, it is usually difficult 
to confirm their assumed role in vivo (Bednarek et al. 2009). Phytoalexins are among the 
apparent evidence for a defensive role of secondary metabolites in the interaction with 
pathogens. They are antimicrobial plant secondary metabolites, which are synthesized and 
accumulate quickly after inoculation with the pathogen (Paxton 1981). Camalexin is an indole 
alkaloid, and it has been confirmed as phytoalexin in Arabidopsis (Tsuji et al. 1992). 
6. Pharmaceutical properties of secondary plant 
metabolites 
Plants have provided therapeutic agents to humankind since ancient times. In fact, the oldest 
records for the use of plants in medicine probably date back to the Sumerians, the earliest 
civilization of Mesopotamia. Numerous prescriptions that include medicinal plants such as 
thyme, willow, and Prosopis are described on Sumerian clay tablets (ca. 2200 B.C.) (Kramer 
1971). However, the origin of folk medicine is probably far beyond written history. In an 
interesting study of the ancient DNA from the dental calculus of 43,000 years old Neanderthal 
fossils, Weyrich et al. (2017) proposed that the Neanderthal used poplar tree (source of the 





treatment. This study supports the previous suggestions of Hardy et al. (2012) about self-
medication in Neanderthals. 
The medicinal plants have been used in folk medicine mainly in the form of alcoholic or water 
extracts against a broad spectrum of health problems. Those extracts may include hundreds of 
active secondary metabolites, and their activity originated mainly from the synergistic effect, 
and when purifying, these metabolites lose the effectiveness of the crude extract (Wink 2015).  
In seeking to develop new drugs, pharmaceutical research companies have primarily depended 
on the synthetic compounds libraries during the last decades. Despite that, natural products 
continue to play a vital role in the drug market. However, with a reduction in the number of 
new drugs becoming registered, the scientific interest in natural products has increased again 
(Atanasov et al. 2015). Of the total low-molecular-weight drugs that have been approved 
between 1981 and 2014, the pure synthetic drugs represented 35 % only. On the other hand, 
natural products and their derivatives represented 33 % and the drugs, which mimic natural 
products, represented 27 % (Newman and Cragg 2016). 
7. Aim of study 
I. To investigate the allelopathic properties of the water extracts of selected plant 
species. 
II. To purify and characterize the phytotoxic and cytotoxic secondary metabolites. 
III. To study the release of the active secondary metabolites into the environment 
through the leaching from living plants via rainfall and root exudate. 
IV. To investigate the ecological role of the active secondary metabolites by studying 
their effect on soil microbiota and invertebrates. 
V. To investigate the biomedical activities of selected medicinal plant species and to 
purify and characterize their potentially active secondary metabolites. 
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Chapter 2. The biological properties of 
secondary metabolites in root exudates of 
Galanthus nivalis and their impact on the 
rhizosphere microorganisms 
Mohammad Alhussein1, Lukas Beule1, Hartmut Laatsch2, Albatol Alsarrag1, Franz Hadacek3, 
Petr Karlovsky1 
1 Molecular Phytopathology and Mycotoxin Research, University of Göttingen, Göttingen, Germany,  
2 Department of Organic Chemistry, University of Göttingen, Göttingen, Germany, 3Department of Plant 
Biochemistry, Albrecht-von-Haller-Institute for Plant Sciences, University of Göttingen, Göttingen, Germany. 
1. Summary 
Secondary metabolites in the bulbs of G. nivalis and metabolites secreted by the bulbs and 
roots into the soil are characterized. Amaryllidaceae alkaloids secreted into soil strongly affect 
gram-negative soil bacteria, as shown by the quantification of major groups of soil bacteria by 
taxon-specific real-time PCR and by sequencing amplified bacterial rRNA genes extracted 
from soil treated with the dominant secreted metabolite. Non-secreted bulb metabolites do not 
affect bacteria and fungi but are toxic to invertebrates, which suggests that they may confer to 
protection against soil-dwelling herbivores.  
Key message: Bulbs and roots of G. nivalis produce two groups of alkaloids. The first group is 
retained within the tissue, while the second is secreted to the soil. Our results indicate that the 
metabolites retained in the tissue protect plants from herbivores, while the secreted metabolites 
affect soil microbes.  
2. Introduction  
The rhizosphere is the active boundary of the interactions between roots and soil microbes, 
other plants, and invertebrates. In this interaction, exuded or leached metabolites can confer 
protection against pathogens, competing plants, and herbivores. On the other hand, the exuded 
metabolites can also affect plant–symbiont associations and other processes in soil, such as 





2003; Lalljee and Facknath 2000). More studies recently reinforced the evidence that 
secondary metabolites of root exudates such as phenolic acids and coumarins can directly affect 
root-associated microbial community structure (Zhalnina et al. 2018; Lundberg and Teixeira 
2018). In the same context, benzoxazinoids which are defense metabolites in root exudates of 
cereals, can play multiple ecological roles not only in shaping the rhizosphere microbiota but 
also in increasing plant defenses, reducing plant growth, and suppressing herbivorous in the 
next plant generation (L. Hu et al. 2018).   
Galanthus nivalis L. (snowdrop) is a perennial herb that forms bulbs for survival. It inhabits a 
large area of Europe and the northeastern United States. Snowdrop has been used as a cure for 
neurological disorders since Greek time. By the end of the last century,  the alkaloid 
galantamine was found out to constitute an effective treatment for early Alzheimer’s disease 
(Donald and Barceloux 2008; Lee 1999). Plants of the genus Galanthus produce a considerable 
diversity of alkaloids. Berkov et al. (2012) have reviewed studies in which approximately 80 
different alkaloids have been isolated from Galanthus using organic solvents as an extraction 
medium. However, the biological activity and pharmaceutical application potential of only a 
few of them have been explored until now.  
Expert snowdrop gardeners know that snowdrop is almost pest- and disease-free (Slade 2014). 
The high diversity of bioactive secondary metabolites may contribute to this fact. Nevertheless, 
even if the plant tissues are rich in secondary metabolites, only those compounds that are 
released into the environment undergo interactions with another organism, either positive or 
negative (Li et al. 2010).  
To our knowledge, no studies exist exploring the release of alkaloids in the root exudates of 
snowdrops. Thus, this study has the following objectives: 
(1) To characterize the secondary metabolites in root exudates of snowdrop, as well as the 
water-soluble secondary metabolites in its bulbs.  
(2) To investigate the effect of the exuded secondary metabolites and the metabolites retained 
within the bulbs tissue on soil microbiota, invertebrates, and competitor plants. 
3. Materials and methods 
3.1. Plant materials 
Galanthus nivalis (Snowdrop) plants were collected from two different locations over three 





12.6696'' N 9° 55' 42.7116'' E). In March 2016, approximately 500 plants were carefully 
uprooted by hand, by which the preliminary experiments have been achieved. In March 2018, 
500 plants and rhizosphere samples were also collected from location A to confirm the results. 
Location B is a private garden located in Verl, Germany (51° 52' 38.0" N 8° 29' 26.3 "E). In 
March 2017, approximately 5000 plants were uprooted from this garden for extraction and 
purification purposes.  
3.2. Extraction 
The bulbs were rinsed with tap water. Several types of extracts were prepared: i) the root 
exudate, where the bulbs and roots of the whole plants were soaked in tap water, ii) the extract 
from the whole plant, where the entire intact plants were soaked in tap water, and iii) extraction 
by soaking separate plant parts (bulbs and leaves) in tap water. All extractions were performed 
for 12 h in the dark at 5°C. Subsequently, the aqueous extract was filtrated through filter paper 
(Rotilabo® folded filters, type 113 p, Carl Roth GmbH, Karlsruhe, Germany). The filtrated 
extracts were partitioned with ethyl acetate (EtOAc) (1:1, v/v) in 1L separation funnels. The 
funnels were vigorously shaken and were kept under a fume hood in the dark for 2 h. The 
EtOAc fraction was collected, and additional EtOAc was added to the water fraction to repeat 
the partition procedure. 
The EtOAc fractions and the water fractions were concentrated to approximately 100 mL using 
a rotary evaporator R-100 (BÜCHI Inc., Flawil, Switzerland). The fractions were divided into 
pre-weighed 50 mL falcon tubes and were evaporated using a speed vacuum concentrator 
(RVC 2-25 CD plus, Christ, Osterode am Harz, Germany) at 28°C, and their weights were 
determined. 
3.3. Purification and chemical analysis 
3.3.1. Preparative-HPLC 
Preparative high-pressure liquid chromatography (HPLC) was applied to fractionate snowdrop 
extract with the highest phytotoxicity. The stationary phase was reversed-phase silica 
(Nucleodur C18 HTec, 5 µm, 250 x 10mm, Macherey Nagel, Düren, Germany). A flow rate of 
3 mL min−1 was generated by a binary pump (PU-2086 plus, JASCO Inc., Gross-Umstadt, 
Germany). Solvent A consisted of water with 0.25 % acetic acid (v/v) and B of methanol 
(MeOH) with 0.25 % acetic acid (v/v).  The gradient was as follows: 0–10 min, 5 % B; 10–70 





A UV/VIS detector (Jasco UV-970, JASCO Inc., Gross-Umstadt, Germany) was set to 290 nm 
as a detection wavelength. A fraction collector (CHF122SC, Advantec MFS Inc., Japan) was 
used to collect eluting peaks. Aliquots of 10 mg extract were dissolved in 3 mL MeOH/water 
(1:1, v/v) for repeated injection. The system was operated by the software JASCO ChromPass 
v. 1.8.6.1. The collected fractions were evaporated using a speed vacuum concentrator at 28 
°C and stored at –20 °C for further use. Fractions for bioassays were selected depending on the 
fractions' weight and the UV absorbance. The same preparative HPLC method was applied for 
purifying all compounds within this study. 
3.3.2. HPLC-MS-QTOF 
A high-performance liquid chromatography system coupled to a quadrupole time-of-flight 
mass detector (HPLC-MS-QTOF, Agilent, Darmstadt, Germany) was used for chemical 
analysis. The HPLC system based on Agilent 1290 Infinity II series equipment and consisted 
of a quaternary pump, an autosampler, a thermostatted column compartment, and a diode-array 
detector (DAD). The HPLC is coupled to a quadrupole time-of-flight high-resolution mass 
detector (Agilent 6545 LC/Q-TOF) with dual Jet Stream electrospray ionization (AJS ESI). 
Chromatographic separation was performed on a reversed‐phase column (ZORBAX Eclipse 
plus C18, 50 x 2.1 mm, 1.8 µm, Agilent) supported with a guard column (ZORBAX Eclipse 
plus C18, 5 x 2.1 mm, 1.8 µm, Agilent) and maintained at ambient temperature 35°C. The 
mobile phase A was water, and B was MeOH to both  0.1% formic acid (v/v) was added. The 
gradient was as follows: initial condition 5 % B, 10 min 98 % B, 12 min 98 % B, 13 min 5 % 
B, 16 min 5 % B. The injection volume was 2 µL, and the flow rate 0.4 mL. min-1.  The 
measurement took place under both positive and negative ionization mode with full MS and 
MSMS scans. The system was operated by the software (Mass Hunter Workstation Software, 
LC/MS Data Acquisition for 6500 Series Q-TOF, Version B.08.00, Agilent). The results were 
analyzed by the software (Mass Hunter Workstation Software, Qualitative Analysis Navigator 
Version B.08.00, Agilent). The metabolites were identified tentatively by comparing the 
MS/MS and UV spectra with the known metabolites from the family Amaryllidaceae and the 
METLIN MS/MS metabolite database. 
The target metabolites were quantified relatively using purified standards. 
3.3.3. Structure elucidation of isolated compounds by NMR 
The chemical structures of the purified compounds were determined by Prof. Dr. Hartmut 





The NMR spectra ( 1H, gCOSY, NOESY, TOCSY, gHMBCAD, and gHSQCAD.) were 
recorded on a Varian Inova (i600) 600 MHz; while the 13C spectrum was taken on a Varian 
Inova 500 MHz. 
3.4. Secondary metabolites extraction from the rhizosphere 
The soil was collected carefully by hand from the rhizosphere of the bulbs and roots using a 
fine brush. The soil was suspended in acetonitrile 1:3 (w/v). The samples were shaken at 220 
rpm for 5 h and kept undisturbed for sedimentation by gravity for 1 h.  Subsequently, the 
supernatants were filtrated through filter paper (Rotilabo® folded filters, type 113 p, Carl Roth, 
Karlsruhe, Germany). The filtrate was transferred into 50 mL falcon tubes and centrifuged at 
4,500 rpm for 15 min. The supernatants were collected and merged in one fraction. The fraction 
was filtered by 200 µm membrane filters (Sartorius, Goettingen, Germany) and was dried using 
a rotary evaporator R-100 (BÜCHI Inc., Flawil, Switzerland). The weight was determined, and 
the fraction was resuspended in MeOH and analyzed as described in section 2.3.2. 
3.5. Bioassays 
3.5.1. Radish germination test 
A preliminary assessment of phytotoxicity was carried out for the extracts using a modified 
germination test as described by Wolf et al. (1984). Due to the low amounts of the extract, the 
test was downscaled and performed in 24-well plates instead of Petri dishes. Seeds of Raphanus 
sativus (radish) variety Saxa3 (Bruno Nebelung GmbH, Everswinkel, Germany) were 
purchased from a local store. Seeds were sterilized with 1 % sodium hypochlorite solution (v/v) 
and washed with sterile deionized water. Following this, the seeds were placed under a sterile 
bench for drying. The fractions were dissolved in sterile tap water with 1 % dimethyl sulfoxide 
(DMSO) (v/v) as a surfactant. A single seed was placed on a sterile filter paper disc (Ø: 1 cm) 
in each well of the 24-well plate, and 125 µL of the treatment solution was added. Two 
dilutions, 1000 and 200 µg mL-1 of the treatments (whole plant crude, whole plant EtOAc 
fraction, bulbs crude, bulbs EtOAc fraction, leaves and flowers crude) were tested. In each 
treatment, 12 seeds were used in four replicates. Sterile tap water with 1 % dimethyl sulfoxide 
(DMSO) (v/v) served as a control. The plates were incubated in the dark at 25 °C and randomly 
redistributed once a day. The germination rate was scored after three days of incubation.  
The extract that showed the highest phytotoxicity at a dose of 200 µg mL-1 was fractionated 





three dilutions per treatment 500, 250, 125 µg mL-1. In each treatment, 6 seeds were used in 
five replicates except for 500 µg mL-1, for which three replicates were used. 
3.5.2. Lemna minor bioassay. 
Lemna minor (common duckweed) plants were purchased from Aquarienpflanzen-Shop 
(Viersen, Germany). The plants were surface-sterilized by soaking them in 0.5 % sodium 
hypochlorite solution (v/v) for 5 min. Following this, the plants were washed vigorously with 
sterile tap water and transferred into glass Petri dishes (Ø: 20 cm, height: 4 cm) filled with 
Swedish standard Lemna growth medium (SIS), which was prepared as described (OECD 
Guideline, 2006), but without 3-(N-morpholino)propane sulfonic acid (MOPS) buffer. The 
plants were incubated for two weeks at 25°C with continuous fluorescent lighting before the 
test. The purified compounds were dissolved in SIS medium with 1 % DMSO as an emulsifier 
(v/v).  
Three dilutions (100, 20, and 4 µg mL-1) were prepared. One % aqueous DMSO (v/v) served 
as control. 1 mL of solutions were transferred to glass vials (Ø: 1 cm, height: 3 cm) in 8 
replicates per treatment. Healthy L. minor colonies, composed of approximately 3 fronds, were 
incubated in each vial for 6 days at 25°C with continuous light. Photos were taken immediately 
after the treatment and at the end of the incubation period using a stereomicroscope equipped 
with a digital camera. Leaves area was determined employing ImageJ software (Rasband, 
1997), and fronds number increase was recorded. 
3.5.3. Brine shrimp (Artemia salina) cytotoxicity bioassay. 
Brine shrimp bioassay was used as described by Molina-Salinas et al. (2006) with some 
modifications. A commercial mixture of salt and dry Artemia cysts (Artemio ® Mix, JBL, 
Neuhofen, Germany) was purchased from a local shop. The assay was validated and optimized 
before use. Depending on the optimization results, 30 g of the shrimps salt nutrient mixture 
was dissolved in 1 L demineralized water in a separation funnel and incubated at 28 °C under 
55 W light.  Sufficient amounts of air were bubbled continuously through the solution. After 
24 h, the hatched nauplius larvae were collected at the bottom of the funnel. The purified 
compounds were dissolved first in DMSO and then diluted with filtrated shrimp nutrient 
solution to a final DMSO content of 2.5% (v/v).  
The experiment was performed in 96-well plates. In each well, 50 µL of shrimp solution was 
placed containing approximately 30 naupliae. The number of dead naupliae was recorded 





solution was added. Seven concentrations were prepared in a 1:1 dilution series (from 1000 to 
15 µg mL-1 with a constant DMSO content of 2.5% (v/v). Five replicates from each 
concentration were prepared. Filtrated shrimps water with 2.5% DMSO (v/v) served as control. 
The plates were incubated at 28 °C under classic light 55 W. The number of dead shrimps and 
total shrimp’s number was recorded after 24 h of incubation to calculate the mortality rate.  
3.5.4. Antifungal bioassay. 
The assay was first validated with a serial dilution of the fungicide tebuconazole (Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) against the filamentous fungus Fusarium 
graminearum IFA 66. After the method was optimized, the antifungal activity of 
snowdrop bulbs EtOAc extract and the purified compounds were assessed. Potato dextrose 
broth (PDB) medium was inoculated with F. graminearum spores suspension to yield a final 
spore concentration of 105 colony forming units (CFU) mL-1. One hundred µL were placed in 
each well of a 96-well plate. The tested compounds were dissolved in water with 1% DMSO 
(v/v) and mixed with the inoculated medium to yield concentrations of 500, 250, 125, and 62.5 
µg mL-1. Water with 1% DMSO served as a negative control. Finally, each well contained 100 
µL. Ten replicates were prepared for each concentration. Tebuconazole (5 µg mL-1) served as 
a positive control. The plates were incubated at 20 °C in the dark for 4 days. The measurements 
were taken by recording the optical density (OD) through a spectrophotometer (Epoch, BioTek, 
U.S.A) at 450 nm each 12 to 16 h starting from 0 until 96 h after applying the compounds. 
3.5.5. Nematicidal bioassay. 
Nematicidal activities of the purified compounds were evaluated using the model nematodes 
Caenorhabditis elegans ( Ura et al. 2002) with some modifications. C. elegans and Escherichia 
coli OP50 were kindly provided by the Faculty of Forest Sciences and Forest Ecology of the 
University of Goettingen, Germany. C. elegans was sub-cultured onto freshly prepared 
nematode growth medium (NGM) that had been seeded E. coli OP50 weekly following 
recommended procedures (Stiernagle 2006). Ten adults of C. elegans were transferred to an 
NGM plate and were incubated at 18°C in the dark. After 3 days, age-synchronous nematodes 
dominated by growth stage L4 were obtainable. They were washed out by tap water onto a 
tissue paper that was placed in a glass funnel equipped with a valve. The funnel was filled with 
water, and 30 minutes later, the living nematodes passed through the tissue and aggregated in 
the bottom of the funnel. Afterward, the nematode pellet was collected in a 50 mL falcon tube. 





remaining E. coli cells. Following this, the nematodes were kept to deposit by gravity. The 
nematodes pellet was collected and re-suspended in tap water to obtain a concentration of 
approximately 1000 nematodes mL-1. The purified compounds were dissolved in water with 
1% DMSO (v/v). Fifty µL aliquots of nematodes suspension were transferred to microtiter 96-
well plates, and the number of dead nematodes was recorded. Afterward, 150 µL of the 
compounds solutions were mixed with the nematodes in each well. Five concentrations of the 
compounds were prepared in 1:1 dilution series (from 200 to 12 µg mL-1 of the final nematode-
compound mixture) with a constant DMSO content of 1% (v/v). Water with 1% DMSO (v/v) 
served as control. The plates were incubated at 20°C in the dark. The mortality ratio of 
nematodes was calculated after 24 h. Only stationary individuals that showed a bacillary shape 
were considered as dead. 
3.5.6. Feeding preference of mealworm 
Mealworm (Tenebrio molitor) was used to perform a food choice experiment on wheat flour 
amended with EtOAc fraction of water extract of snowdrop bulbs. One single three-month-old 
(2.5 ± 0.8 mm) larva was used per replicate (n= 20). The extract was dissolved in chloroform 
and mixed with wheat flour (summer wheat variety: Taifun) to obtain a final concentration of 
500 µg g-1 flour. The mixture evaporated overnight under a fume hood to get rid of the 
chloroform. Wheat flour samples mixed with pure chloroform and treated in the same manner 
served as control. Portions of 100 mg of wheat flour with and without extract were set on the 
opposite sides of the 20 Petri dishes (135 mm). A single larva was placed in the center of 20 
Petri dishes and retained in the dark at room temperature for 6 days. At fixed intervals, the 
location of every single larva was recorded. 
3.5.7. Toxicity to Mealworm 
Wheat flour was mixed with the extract-chloroform solution to reach final concentrations of 
1000, 500, 100 µg g-1 flour separately. The combinations evaporated overnight under a fume 
hood. Wheat flour samples amended with pure chloroform and dried in the same manner served 
as a control.  Groups of five few-week-old mealworms were individually weighted and set to 
optically clear 9 cm petri dish amended with a portion of 500 mg wheat flour (n=5) per 
concentration.  Two weeks after the treatment at 25° C and darkness, the individual groups of 





3.6. Impact of secondary metabolites on microorganisms in the 
soil  
3.6.1. Applying secondary metabolites on soil 
Soil samples were collected from an organic vegetable garden that is described above in 2.1. 
The soil was collected from the upper 20-cm top soil, well homogenized, and sieved at 2 mm 
to remove stones and plant debris. Soil characteristics were determined as described by Allen 
et al. (2015) (Table S1). The gravimetric water content was adjusted to 10%. 2 g soil was placed 
in glass vials (height: 40 mm, Ø: 15 mm). Two mixtures of the purified metabolites were 
prepared. The first mixture reflected the ratio of the major secondary metabolites in the bulbs 
extract. The second mixture mimicked the ratio of the major secondary metabolites in the root 
exudate. From the first mixture, 100 µg g-1 fresh soil (equivalent to 112 µg g-1 dry soil) were 
dissolved in 400 µL water with 1% DMSO (v/v) and equally applied on the soil surface of each 
soil column. Three dilutions were prepared from the second mixture, 100, 50, 25 µg g-1 fresh 
soil (which were approximately equivalent to 112, 56, 28 µg g-1 dry soil). Tap water with 1% 
DMSO served as a control. Seven replicates from each treatment and the control were prepared. 
The soil columns were incubated at 20 °C in the dark. The columns were randomly 
redistributed once a day. After seven days of incubation, the samples were lyophilized for 48 
h. 
3.6.2. DNA extraction from soil 
DNA from freeze-dried soil was extracted using a slightly modified protocol of Beule et al. 
(2017). Briefly, 50 mg finely ground soil was suspending in 1 mL CTAB with proteinase K 
and incubated at 42 °C and 65 °C for 10 min each. Following incubation, a phenol purification 
with two subsequent chloroform-isoamylalcohol steps was performed. DNA was precipitated 
with polyethylene glycol, pelleted by centrifugation, and washed with ethanol twice before 
drying using vacuum centrifugation. Pellets were resuspended in 50 L TE buffer (10 mM 
Tris, 1 mM EDTA, pH 8.0) and incubated at 42 °C for 2 h to facilitate the dissolution of the 
DNA. The quality and quantity of the extracted DNAs were evaluated on 0.8 % (w/v) agarose 
gels stained with ethidium bromide. 
3.6.3. Quantification of bacterial and fungal taxonomic groups in soil by real-time PCR 
Standard curves for the real-time PCR (qPCR) assays were generated in two replicates using 





DNA from representatives of the different taxonomic groups (Table S2) was extracted using a 
CTAB protocol (Brandfass and Karlovsky 2008) and used for standard generation. To increase 
the accuracy of the quantification of the PCR products serving as standards, all products used 
for the quantification were reamplified from their specific bands excised from 1.7 % (w/v) 
agarose gels stained with ethidium bromide and purified using isopropanol precipitation with 
two 80 % (v/v) ethanol washing steps. 
All qPCR reactions were carried out in a CFX384 Thermocycler (Biorad, Rüdigheim, 
Germany) in 384-well microplates. Amplification was performed with 1:50 dilutions of the 
DNA extracts in 4 µL reaction volume containing 3 µL mastermix (1X reaction buffer (Table 
S3); 2.0 or 2.5 mM final MgCl2 concentration (Table S3); 100 µM of each 
deoxyribonucleoside triphosphate (Bioline, Luckenwalde, Germany); 0.3 µM of each primer 
(Table S2), 1 mg/ml bovine serum albumin; 0.03 u DNA Polymerase (Table S3)) and 1 µL 
template DNA solution or double-distilled H2O for negative controls. The PCR conditions are 
presented in Table S3. Specific melting curves were obtained by heating the samples to 95 °C 
for 60 s and cooling to 55 °C for 60 s followed by a temperature increase from 55 °C to 95 °C 
by 0.5 °C per cycle with continuous fluorescence measurement. 
3.6.4. Enumeration of soil bacteria communities by amplicon sequencing 
Soil DNA was amplified using primers specific for bacteria, and the amplicons were sequenced 
using Illumina Miseq platform (paired-ends, 2x 300 nt).   
3.7. Statistics 
 The Kruskal-Wallis test with multiple comparison extensions was estimated using the 
‘kruskalmc’-function in the ‘pgirmess’ R-package v1.6.9 (Giraudoux et al. 2018). ANOVA, 
Tukey’s HSD test were determined using ‘aov’- and ‘TukeyHSD’-function in the ‘stats’ R-
package v3.4.3 in the R v 3.6.1 (R Core Team, 2019). Box plots and Time-response curves 
were visualized using JMP®  (14.1.0), SAS Institute Inc. Dose-response curves were 
generated using a four-parameter logistic model in SigmaPlot 14.0 (Systat Software, San 






4.1. Phytotoxicity of extracts from snowdrop  
Whole plants, leaves, and bulbs of snowdrops were extracted in water and partitioned into 
EtOAc. The phytotoxicity of the extracts to radish seeds was tested (Figure 1A). The EtOAc 
fraction of the bulb extract was the only one that caused total germination inhibition at the dose 
of 200 µg mL-1. Thus this extract was used for further investigation. 
The EtOAc fraction of the bulbs was fractionated by preparative HPLC (Figure 2).  
The whole extract, as well as fraction A (37-40 min), caused complete inhibition of radish 
germination at the dose of 250 µg mL-1 (Figure 1B), while fraction B (20-36 min and 41-65 








Figure 1. Effect of extracts from snowdrop on the germination of radish seeds. Fresh plant 
material was extracted with water (crude) and partitioned into EtOAc; dry extracts were 
redissolved in water with 1 % DMSO (v/v). Water with 1 % DMSO (v/v) served as control.  
The error bars represent the standard deviation (n=4) (A). Effect of EtOAc fraction of the bulbs 
extract and its two fractions (A and B) on the germination of radish seeds. The error bars 
represent the standard deviation, n=3-5 (B). 
4.2. Purification and characterization of secondary metabolites 
from snowdrop bulbs 
Four compounds were purified using preparative HPLC from the EtOAc extract of the bulbs 
and the rhizosphere extract (Figure 2). The suggested sum formula for compound 1 according 
to the accurate mass was C18H21NO5 (table.1). The corresponding structure was determined by 
NMR as (3α,8β)-6a-deoxy-8-hydroxy-tazettine (pretazettine). Compound 2 was tentatively 
identified depending on its accurate mass, and MS/MS as 3,11-O-(3’,3’’-
dihydroxybutanoyl)hamayne (DHBH) (Table.1, Figure 2, Suppl. Figure. 1), and its structure 
was confirmed by NMR. Compound 3 was identified as lycoricidinol (LYCO) by its accurate 
mass, MS/MS fragmentation, and UV spectrum (Table 1, Figure 2, Suppl. Figure 1), and its 





mass and MS/MS fragmentation as 3,11,3’’-O-(3’, 3’’, 3’’’-trihydroxybutanoyal) hamayne 
(THBH) (Table.1, Figure 2, Suppl. Figure. 1). Its structure was confirmed by NMR. Table 1 
provides a summary of the four isolated alkaloids. 







Compound Name abbr. 
1 C18H21NO5 332.1492 332.1497 (3α,8β)-6a-deoxy-8-hydroxy-
tazettine 
TAZ 
2 C24H29NO8 460.1966 460.1972 3,11-O-(3’,3’’-
Dihydroxybutanoyl)hamayne 
DHBH 
3 C14H13NO7 308,0765 308,0765 Lycoricidinol LYCO 









Figure 2. Preparative-HPLC chromatogram of bulbs EtOAc fraction (A) and 
rhizosphere extract (B) with UV spectra and chemical properties of the purified compounds. 
3,11,3’’-O-(3’, 3’’, 3’’’-Trihydroxybutanoyal) hamayne (THBH), 3, 11-O-(3’, 3’’- 
dihydroxybutanoyl) hamayne (DHBH), Lycoricidinol (LYCO), (3α, 8β)-6a-deoxy-8-





4.3. Toxicity of THBH and LYCO 
Several biological properties of LYCO ( phytotoxic, antifungal, and insects antifeedant ) have 
been studied (Imaseki and G. Kang 1984; Nair and van Staden 2018; Numata et al. 1983), 
except for nematodes. At the same time, no information is available about the biological 
activities of THBH. Therefore, we subjected THBH to a series of toxicity assays and LYCO to 
a bioassay with the nematode C. elegans.  
The phytotoxicity of THBH was tested on Lemna minor (Figure 3). The growth inhibition assay 
indicated strong phytotoxic effects at all tested dosages. Even the lowest dose of 4 µg mL-1 
caused a significant growth reduction.  
 
Figure 3. Effect of THBH on Lemna minor growth.  Estimated by measuring leaf area 6 days 
after the treatment. The error bars represent the standard deviation, n=7-8. One-way ANOVA 
and post-hoc 95% Tukey, p < 0.05 (A). Photos of selected samples show the differences in 







In a brine shrimp assay, THBH showed a toxic effect with an EC50 value of 108 µg mL‒1  
 
Figure 4. Dose-response curve illustrates the mortality of brine shrimps as a response to 
the treatment with various doses of THBH. Curve fitting of a non-linear regression using a 
four-parameter logistic model (n=5). Black dots represent replicates at different concentrations. 
 
The toxicity of THBH and LYCO in nematodes was tested on C. elegans (Figure 5). While 
LYCO caused a dose-dependent effect with significant mortality even at a dose of 25 µg mL‒











Figure 5. Nematicidal activity of THBH (A) and LYCO (B) in C. elegans (. The error bars 
represent the standard deviation, n=7-10. One-way ANOVA and post-hoc 95% Tukey, p < 
0.05. 
 
Antifungal activity of THBH was tested on F. graminearum. The treatment showed no 
inhibitory effect at doses of 62 and 125 µg mL‒1, while the doses 500 and 250 µg mL‒1 barely 
slowed the growth of fungi (Figure 6).  
The treatment with EtOAc fraction of bulbs extract showed a dose-dependent delay of 
F. graminearum growth. The dose 250 µg mL‒1 inhibited the growth until 72 h after the 
treatment, while the dose of 500 µg mL‒1 inhibited the growth completely until 96 h after the 






Figure 6. Antifungal activity of THBH.  Time-response curves illustrate the delay of F. 
graminearum growth as a response to the treatment with serial dilutions of THBH. Curve 
fitting by non-linear regression using a four-parameter logistic model. The error bars represent 
the standard deviation (n=7).    
4.4. Toxicity and food preference in the mealworm 
 The EtOAc fraction of the aqueous extract of snowdrop bulbs showed significant inhibition of 
mealworm growth after feeding for 2 weeks on flour mixed with 1000 and 500µg g‒1 flour 
(Figure 7A). The dose of 100µg g‒1 did not cause any significant effect. Moreover, the food 
choice experiment showed that mealworms preferred to feed on the control comparing to the 







Figure 7. Toxicity and food preference in mealworm.  (A) Effect of EtOAc fraction of the 
aqueous extract of snowdrop bulbs on mealworm growth after feeding for 2 weeks on flour 
mixed with 100, 500, and 1000µg g‒1 flour. Asterisks indicate statistically significant 
differences among groups (* p < 0.05, ** p < 0.01, *** p < 0.001) one-way ANOVA followed 
by Tukey’s HSD test. Boxes represent the 75th percentile, median, and the 25th percentile. 
Whiskers range from the 75th percentile to the maximum value and from the 25th percentile to 
the minimum value. Black dots represent individual data points. (B) Food choice experiment. 
Treatment is flour with 500µg g‒1 of the EtOAc fraction; control is flour. The error bars 





4.5. Quantification of the metabolites in plant bulbs and root 
exudates 
The ratio of target metabolites (TAZ, THBH, DHBH, and LYCO) varied depending on the 
type of extract. In the EtOAc fraction of the bulbs extract, LYCO was the major component, 
followed by DHBH and THBH, while TAZ was a minor component with  
approximately 3 % of the total target metabolites. In contrast, TAZ was the major component 
in the root exudates that reached approximately 78 % of the target metabolites (Figure 8) 
 
Figure 8. Secondary metabolites of snowdrop bulbs and root exudates. Proportion of the major 
components in the EtOAc fraction of the aqueous bulbs extract and the root exudates.  
4.6. Impact of secondary metabolites from snowdrop on soil 
microorganisms 
A mixture of metabolites purified from snowdrop (Figure 7) and mixed by a ratio that reflected 
their proportion in the root exudates TAZ/ LYCO/ THBH/ DHBH (78: 17: 4: 1) caused a 
significant inhibition against five soil bacterial groups, Gammaproteobacteria, 







Figure 9. Effect of a mixture of Amaryllidaceae alkaloids from snowdrop on various soil 
bacterial groups. Studied through the quantification of 16S rRNA genes one week after the 
treatment. Asterisks indicate statistically significant differences among groups (* p < 0.05, ** 
p < 0.01, *** p < 0.001, Kruskal-Wallis test with multiple comparison extension 
(‘kruskalmc’-function in the ‘pgirmess’ R-package v1.6.9) or one-way ANOVA followed by 
Tukey’s HSD test (‘aov’- and ‘TukeyHSD’-function in the ‘stats’ R-package v3.4.3)). Boxes 
represent the 75th percentile, median, and the 25th percentile. Whiskers range from the 75th 
percentile to the maximum value and from the 25th percentile to the minimum value. Black 
dots represent individual data points. 
 
The inhibitory effects were not significant when monitoring (total bacteria, total fungi, 
Actinobacteria, Firmicutes, Acidobacteria, Gemmatimonadetes, and Ascomycota). On the 
other hand, the mixture of metabolites that mimicked the proportion of the components in the 
bulb extract LYCO/DHBH/THBH/TAZ (47: 28: 22: 3) did not cause any significant inhibition 






The perennial bulb Species of the genus Galanthus produce an abundance of alkaloids, of 
which approximately 80 compounds have been isolated and characterized. Nevertheless, The 
biological functions of the majority of these alkaloids are still unclear (Berkov et al. 2012). The 
traditional approach of phytochemistry is based on extraction techniques like boiling or 
macerating dried or ground plants tissues with organic solvents such as methanol, ethanol, ethyl 
acetate, dichloromethane, and chloroform (Jones and Kinghorn 2005); Next, inspecting the 
pharmacological aspects of the isolated compounds like the anticancer, antiviral, antimalarial, 
and antioxidant activities. 
 In this work, we followed a distinct concept to study the alkaloids of Galanthus nivalis. Our 
concept is aimed to explore the ecological role of these secondary metabolites. Therefore we 
extracted the compounds from the intact plant parts with water, which is the only solvent 
available in nature. Furthermore, we studied the effect of the compounds secreted with roots 
exudation and the compounds that remained in the plant tissues on the organisms that can 
interfere with G. nivalis in natural conditions, like other plants, soil microorganisms, insects, 
and nematodes. 
Our results showed that the extracts of many parts of G. nivalis possessed phytotoxic effects 
on radish seeds, especially the bulb extract, which was the most phytotoxic and caused total 
germination inhibition at the dose of 200 µg mL‒1. Moreover, the bioassay-guided fractionation 
showed that fraction A could be the potential source of phytotoxicity. However, two main 
compounds were isolated from fraction A, and their chemical structures were determined as 
follows: compound 3): lycoricidinol (synonym narciclasine) (LYCO) and compound 4): 
3,11,3’’-O-(3’,3’’,3’’’-Trihydroxybutanoyal)-hamayne (THBH).  
LYCO is an alkaloid that has been isolated from several genera of the family Amaryllidaceae, 
and the content of LYCO in G. nivalis was estimated to be 10 mg kg‒1 (Piozzi et al. 1969). 
Several studies reported that LYCO possessed a phytotoxic effect on many plant species such 
as Avena, cabbage, and lettuce, and rice (Hu et al. 2015; Bi, Yung, and Wong 1998; Na et al. 
2011;  Hu et al. 2014; Imaseki and G. Kang 1984; Okamoto, Torii, and Isogai 1968).  However, 
the mode of action beyond the phytotoxicity of LYCO is not fully uncovered. Relevant studies 
showed that the phytotoxic effect of LYCO could result from the inhibition of ethylene 
production induced by auxin (Kang et al. 1984), or from interfering with auxin transport; or 
from inducing DNA damage in root cells (Hu et al. 2015; 2014). Furthermore, our results 





though LYCO has been intensively studied for its biological activity, such as phytotoxicity, 
antifungal activity, and insect antifeedant activity (Imaseki and G. Kang 1984; Nair and van 
Staden 2018; Numata et al. 1983), no previous studies reported the nematicidal effect of this 
compound before, to our knowledge. 
The second compound in the phytotoxic fraction was THBH. This alkaloid was reported in 
Galanthus before (Berkov et al. 2009), but to our knowledge, the biological activity of this 
compound has never been reported thus far. In this study, we subjected THBH to several 
toxicity bioassays. The results showed that THBH was strongly phytotoxic to Lemna minor. 
Even a dose of 4 µg mL‒1 caused significant growth inhibition in the tested plants. Moreover, 
THBH showed a moderate cytotoxic effect against brine shrimps with an EC50 value of  
108 µg mL‒1. On the other hand, our results showed that THBH has no effect on the nematode 
C. elegans or on the filamentous fungi  F. graminearum. 
Our results showed that two other alkaloids were among the major components of the G. nivalis 
extract, besides LYCO and THBT. These alkaloids were Compound 1): (3α, 8β)-6a-deoxy-8-
hydroxy-tazettine (pretazettine) (TAZ) and Compound 2): 3,11-O-(3’,3’’-
Dihydroxybutanoyl)-hamayne (DHBH). Pretazettine (TAZ) is one of the most abundant 
naturally occurring alkaloids in Amaryllidaceae (Wildman and Bailey 1967). It is worth noting 
that the bulbs of  Narcissus tazetta -which is a natural source of  TAZ- are used in turkey in 
folk medicine as a treatment for abscesses due to their antiphlogistic effects(Çakici et al. 1997; 
Bastida et al. 2006). On the other hand, DHBH has been reported in Galanthus before (Berkov 
et al. 2009), but to our knowledge, no information about its biological activity is available.  
We found that the relative abundance of the alkaloids studied (TAZ, THBH, DHBH, and 
LYCO) varied according to the type of extract. TAZ was the major component in the root 
exudates, while it was a minor component in the bulb. Simultaneously, LYCO,  DHBH, and 
THBH were major components in the bulb but not in the root exudates. Interestingly, we 
revealed that a mixture of the four alkaloids studied, in a ratio that matched their proportion in 
the root exudates, could cause a significant inhibition against five soil bacterial groups ( 
Gammaproteobacteria, Betaproteobacteria, Alphaproteobacteria, Bacteroidetes, and 
Verrucomicrobia). While we could not observe any significant inhibition in soil bacteria when 
using the mixture that imitates the proportion of components in the bulbs. 
 It is noteworthy that the phylum Proteobacteria is the most dominant soil bacteria worldwide, 
and particularly Alpha-, Beta-, and Deltaproteobacteria (Delgado-Baquerizo et al. 2018).  
Moreover, most genera of the plant pathogenic bacteria belong to Gammaproteobacteria 





root exudates plays an ecological role in shaping the rhizosphere microbiota. However, the role 
of the exuded and leached Galanthus alkaloids into the soil should get more attention. 
Furthermore, we observed that the bulb extract possessed antifeedant and toxic effect against 
mealworm, and this is in line with the hypothesis that alkaloids can protect plants from 
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Table S1. Soil characteristics 
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Figure.S2 Antifungal activity of the total bulbs EtOAc fraction: Time-response curves illustrate the delay of F. graminearum growth as a 
response to the treatment with serial dilutions of the total bulbs EtOAc fraction (B). Curve fitting by non-linear regression using a four-






Chapter 3. Investigation of allelochemicals 
leaching and exuding from Melilotus albus 
into the soil and their impact on weed 
suppressiveness and soil microorganisms  
Mohammad Alhussein1, Albatol Alsarrag1, Lukas Beule1, Franz Hadacek2, Petr Karlovsky1 
1 Molecular Phytopathology and Mycotoxin Research, University of Göttingen, Göttingen, 
Germany, 2Department of Plant Biochemistry, Albrecht-von-Haller-Institute for Plant 
Sciences, University of Göttingen, Göttingen, Germany. 
1. Summary 
Dozens of phenolic compounds were identified in the root exudate and rain leachate of  
Melilotus albus. Among these phenolics, coumarin and melilotic acid exerted potent 
inhibition on germination and growth of radish and trans-cinnamic acid,  o-coumaric acid 
were less toxic. Furthermore, incorporating sweet clover residues into the soil caused a delay 
in germination and a significant reduction in plant survival. However, the same 
allelochemical mixture caused manipulation of the abundance of the bacterial groups in the 
upper soil layer. The tracking of allelochemicals movement in the soil showed that coumarin 
and melilotic acid accumulated mainly in the upper 2 cm of soil. 
2. Introduction 
Higher plants can release organic compounds into the environment through volatilization, 
leaching from leaves, and root exudation (Einhellig 1994). Artificial extraction methods can 
lead to various types and quantities of metabolites that can differ from those released naturally 
in the field. However, even if phytotoxins or antimicrobials are extracted from plant organs, 
that does not infer automatically that those compounds will be constituents of leaf leachates or 





Melilotus albus Medik. (Sweet Clover) is an annual to biennial legume species, which is native 
to much of Asia and Southern Europe. It has been introduced and is naturalized to many other 
parts of Europe, as well as to North and South America, Australasia, and Southern Africa 
(Turkington et al. 1978). Sweet clover is an invasive species outside its native range, and it is 
highly adaptable to different environments (CABI 2019). Conn et al. (2011) reported that sweet 
clover had invaded Alaskan glacial river floodplains as pioneer species on recently disturbed 
sites. Nicollier and Thompson (1982) investigated the phytotoxicity of sweet clover and 
showed that the coumarin derivatives and flavonoids from sweet clover inhibited the growth 
of tomato and radish seedlings. Stefanović et al. (2015) reported that sweet clover extract was 
rich in phenolic compounds. Furthermore, they showed that the extract possessed antibacterial 
activity and could inhibit and prevent bacterial biofilm formation. The high content of 
coumarin in sweet clover can cause a disease for livestock known as a sweet clover disease, 
and that was one of the main reasons for the limited use of sweet clover as a pasture in Australia 
(Evans and Kearney 2003). 
To our knowledge, no studies have been conducted on the leaching of allelochemicals from 
living sweet clover plants via rainfall or the leaching from plant residues incorporated into the 
soil. There are also no studies about the effects of sweet clover allelochemicals on soil 
microorganisms.  
The objectives of this study are as follows: 
i. To prove the role of the phenolic compounds in the phytotoxicity of sweet clover and 
investigate the leaching of these compounds from living plants via artificial rain and root 
exudate. 
ii. To investigate the effect of sweet clover residues on weed suppression.  
iii. To analyze the movement of the phytotoxic leachate from sweet clover residues in the soil. 
iv. To assess the impact of the sweet clover leachate on soil microorganisms. 
3. Materials and methods 
3.1.  Plant materials  
Seeds of Melilotus albus (sweet clover) were purchased from (B & T World Seeds, Paguignan, 
France). The seeds were sown in a soil mixture consisting of 2:1:1 peat moss/compost/sand 
(w/w/w) in plastic pots. They were incubated in a greenhouse at 25ºC/14ºC (day/night) with a 





mineral fertilizer (Hakaphos®Blue, Compo expert GmbH, Münster, Germany). Commercial 
seeds of Raphanus sativus (radish) (variety Saxa3, Kiepenkerl®, Everswinkel, Germany) were 
bought from a local store. They were used in the germination bioassays, and the radish plants 
served as a non-allelopathic control species in the experiment of plant residues incorporation 
into the soil 
3.2.  Extraction  
Sweet clover plants were harvested at the flowering stage. The compound leaves were picked 
gently with their petioles and were soaked in tap water in 1 L Erlenmeyer flasks. The flasks 
were closed with aluminum foil and incubated at room temperature in the dark for 12 h. 
Following this, the crude extract was filtrated through filter paper (Rotilabo® folded filters, 
type 113 p, Karl Roth, Karlsruhe, Germany). 
The filtrated crude aqueous extract was partitioned with ethyl acetate (EtOAc) (1:1, v/v). After 
2 h phase separation, the EtOAc layer was collected. The remaining lower layer was remixed 
with EtOAc, and the partition procedure was repeated. The EtOAc fraction was concentrated 
to approximately 100 mL using a rotary evaporator R-100 (BÜCHI Inc., Flawil, Switzerland). 
Next, the fraction was divided into four pre-weighed 50 mL falcon tubes. The liquid in the 
tubes was entirely evaporated using a speed vacuum concentrator at 28°C, and the fraction 
weight was determined. 
Root exudate was extracted by immersing roots of intact fresh plants, uprooted, and well-
cleaned in water for 12 h in the dark at room temperature. 
3.3.  Fractionation using preparative -HPLC  
Fractionation was performed using preparative high-pressure liquid chromatography (Prep 
HPLC). The system consisted of a binary pump (PU-2086 plus, JASCO Inc., Gross-Umstadt, 
Germany) coupled with a UV/VIS detector (Jasco UV-970, JASCO Inc., Gross-Umstadt, 
Germany). The fractions were collected using a fraction collector (CHF122SC, Advantec MFS 
Inc., Japan). The system was operated employing the software JASCO ChromPass 
Chromatography Data System version 1.8.6.1. The separation column was a preparative 
reverse phase column (Polaris C18-Ether, 250 x 21.2 mm, Varian, Darmstadt, Germany) with 
a compatible pre-column (Polaris C18-Ether, 50 x 21.2mm). Aliquots of 20 mg were dissolved 
in 3 mL methanol (MeOH) /water (1:1 v/v) and injected. Mobile phase A consisted of water 





2 mL/min. The gradient was as follows: 5 min 5 % B, 35 min 30 % B, 225 min 65 % B, 255 
min 100 % B, 280 min 100 % B, 290 min 5 % B, and 300 min 5 % B. The separation process 
was monitored at 275 nm by UV absorption. The collected fractions were dried using a rotary 
evaporator and speed vacuum concentrator. Fractions for bioassays were selected depending 
on the UV absorbance and the weight of the fraction.  
3.4.  Phytotoxicity bioassay 
3.4.1. Germination test  
The phytotoxicity of the EtOAc fraction and the purified fractions was monitored using a radish 
germination test as described by Wolf et al. (1984) with some modifications. The test was 
downscaled and conducted in 24-well plates instead of Petri dishes due to low amounts of 
purified fractions. Radish seeds were surface sterilized with 1% sodium hypochlorite solution 
and rinsed with sterile deionized water. Subsequently, seeds were kept under a sterile bench 
for drying. The fractions were dissolved in sterile tap water with the addition of 1% dimethyl 
sulfoxide (DMSO) (v/v) as a surfactant. In each of the 24-wells, a single seed was placed on a 
sterile filter paper disc (Ø: 1cm). Serial dilutions of the treatments were prepared in a 1:1 
dilution series from 1000 to 62.5 µg mL-1. In each well, 125 µL of the solution was added. Six 
seeds per treatment were used in five replicates for the lower concentrations. Four and three 
replicates were used for 500 and 1000 µg mL-1, respectively. Sterile tap water with 1% DMSO 
served as a control. The plates were incubated at 25°C in the dark and randomly redistributed 
every 24 h. After three days of incubation, the germination rate was documented. 
The allelochemicals in the phytotoxic fraction were identified and quantified as described 
above. Based on the results, the phytotoxicity of the allelochemicals in the phytotoxic fraction 
was assessed using the same germination test. The test was conducted in Petri dishes (Ø: 9 cm). 
Seven seeds were sown in each petri dish in four replicates and watered with 4.5 mL of the 
dilutions. After three days, the germination rate was documented, and the length of roots was 
determined using ImageJ software (Rasband 1997-2019). 
3.4.2. weed suppression by plant residues 
The shoots of sweet clover and radish were harvested, freeze-dried, and milled using mortar 
and pestle. Radish seeds were placed on the surface of a soil mixture consisting of 2:1:1 peat 
moss/compost/sand (w/w/w) in ten plastic pots per treatment at a density of nine seeds per pot. 





approximately 1 cm2 around the seed. The surface of the pots was covered with a thin layer of 
soil (approximately 5 mm in height). Ten pots were prepared per treatment. Besides, 8 pots 
without any plant powder incorporation were prepared as a control. The pots were incubated 
in a greenhouse at 25ºC/14ºC (day/night) with a 16 h photoperiod and regularly irrigated from 
the top. The germination rate was reported daily for 12 days after treatment. The survival rate 
was documented on the last day since not all the germinated seeds were viable. 
3.5.  Chemical analysis 
3.5.1.  HPLC-MS 
Depending on the bioassay results, the phytotoxic fraction was subjected to a high-performance 
liquid chromatography system coupled to a quadrupole time-of-flight mass detector (HPLC-
MS-QTOF, Agilent, Agilent, Darmstadt, Germany). The HPLC system based on Agilent 1290 
Infinity II series equipment and consisted of a quaternary pump, autosampler, a thermostatted 
column compartment, and a diode-array detector (DAD). The HPLC coupled to a quadrupole 
time-of-flight high-resolution mass detector (Agilent 6545 LC/Q-TOF, Agilent, Darmstadt, 
Germany) with dual Jet Stream electrospray ionization (AJS ESI). The column was (ZORBAX 
Eclipse plus C18, 50 x 2.1 mm, 1.8 µm, Agilent) with a guard column (ZORBAX Eclipse plus 
C18, 5 x 2.1 mm, 1.8 µm). The system was operated by Mass Hunter Workstation Software, 
LC/MS Data Acquisition for 6500 Series Q-TOF, Version B.08.00 (Agilent, Darmstadt, 
Germany). The mobile phase A was water, and B was MeOH. To both 0.1% formic acid (v/v) 
was added. The injection volume was 2 µL, and the flow rate of 0.4 mL/min. The initial 
condition was 5% B that increased linearly to 95 % in 10 min, which was held for 2 min for 
purging, and then decreased to the initial condition in 1 min with 3 min re-equilibration. The 
samples were measured in both positive and negative ionization mode with a full MS scan and 
MSMS scan. The results were analyzed using Mass Hunter Workstation Software, Qualitative 
Analysis Navigator Version B.08.00 (Agilent, Darmstadt, Germany). The allelochemicals were 
identified tentatively by comparing the MS/MS spectra with the MS databases (HMDB and 
KEGG) using the online tool CFM-ID (Competitive Fragmentation Modelling for metabolites 
identification). The predicted results were confirmed by comparing the MS spectra to those of 
commercially available analytical standards. The quantity of the detected metabolites in the 
phytotoxic fraction was estimated based on serial dilutions of the standards. After identification 







Five mg of dried sample was dissolved in 100 µL pyridine to which methoxyamine 
hydrochloride (30 mg mL–1) was added. The solution was kept at room temperature for 12–
18 hours. Then 40 µL of this solution, 40 µL N-methyl-N-(trimethylsilyl) trifluoroacetamide 
(MSTFA), was added, and the sample well vortexed. GC–MS analysis was performed on a 
5977B MSD quadrupole mass detector linked to a 7890B GC (Agilent GmbH, Waldbronn, 
Germany). The column was an HP5-MS (30 m x 0.25 mm x 0.25 µm, Agilent GmbH, 
Waldbronn, Germany) and obtained from the same company. Helium was used as carrier gas 
(1 mL min–1). The injector was used in the splitless mode and heated to 230 °C. The 
temperature gradient was as follows: 0–2 min: 50 °C, 3¬-58 min: 50–330 °C, 59–60: 330 °C. 
Transfer line temperature was 330 °C, the ion source temperature 230 °C, electron energy 70 
eV for EI ionization. Spectra were recorded in the range of 70–600 Da. 
Data analysis 
The data files were analyzed using MS-DIAL 3.70 (http://prime.psc.riken.jp/ 
Metabolomics_Software/MS-DIAL/; Lai et al. 2018). After aligning and peak picking, the 
deconvoluted mass spectra were identified with a combined MS spectral library (Golm 
metabolome database, Kopka et al. 2005; All records with Kovats RI and Fiehn BinBase DB, 
both supplied with MS-DIAL). RI values were calculated based on alkane standards and used 
for identification. 
3.6.  Leaching of allelochemicals from living sweet clover plants 
by simulated rain 
The artificial rainfall was performed inside a closed spray chamber (150 x 80 x 80 cm) made 
from stainless steel with a glass door and a drainage valve installed at the bottom. 
Demineralized water was used for spraying. The pH of the water was adjusted to 5.3 by fresh, 
prepared carbonic acid. A pH of 5.3 is the approximate average precipitation pH in Germany 
from 2014 to 2017 (German Meteorological Office, 2019).  
The spray was performed using a hand pressure sprayer, which was calibrated to generate a 
precipitation rate of 4 mm h-1. This rate was considered moderate precipitation (American 
Meteorological Society, 2019). Three healthy sweet clover plants were placed in the chamber 
on a metal rack (height: 10 cm) to avoid immersing them in the water. The upper side of the 
pot was sealed with parafilm around the base of the stem to prevent infiltration of the water 





the drainage valve. The experiment was repeated three times with different sweet clover plants. 
The water was filtered through filter paper (Rotilabo® folded filters, type 113 p, Karl Roth, 
Karlsruhe, Germany). The purification was achieved using flash chromatography (Sepacore® 
Flash system X10/X50, BUCHI, Flawil, Switzerland) equipped with a binary pump (Module 
C-601/C-605). The capturing of the allelochemicals was performed with a reverse-phase 
column (Chromoband® Flash cartridge RS C₁₈ ec 40–63 µm, 240 x 30 mm, MACHEREY-
NAGEL, Düren, Germany). The mobile phase A was artificial rainwater with 0.1 % acetic acid 
(v/v), and B was MeOH with 0.1 % acetic acid (v/v). 5 % B and 95% A were pumped along 
the purification process until the whole amount of water was finished. Finally, the captured 
compounds were eluted by 300 mL MeOH. The flow rate was 40 mL min-1. The fraction was 
concentrated into 2 mL using the rotary evaporator, transferred into 2 mL Eppendorf tube, and 
dried out via a vacuum concentrator. The chemical analysis was performed as described in 2.5. 
Recovery efficacy was estimated by spraying artificial rainwater spiked with 1 mg of each 
allelochemical detected in the sweet clover extract. Three replicates of the spiked water were 
prepared and purified using the same method as the rainfall samples.  
3.7.  Allelochemicals leaching in soil  
For this experiment, soil samples were collected from an organic vegetable garden located in 
Goettingen, Germany (51° 34' 12.6696'', N 9° 55' 42.7116'' E). The soil type was classified as 
a Cambisol. Samples were taken from the upper 20-cm soil layer and homogenized. Soil 
characteristics (soil pH, exchangeable cations, effective cation exchange capacity, and base 
saturation) were analyzed as described by Allen et al. (2015) (Table S1).  The soil was dried at 
room temperature, sieved through a 2 mm sieve, and the gravimetric water content was adjusted 
to 10 %. To follow allelochemicals movement in the soil, a modified method initially described 
by Xiao et al. (2017) was used. Briefly, 20 g of fresh soil were placed in cylindrical glass 
containers (Height: 25 mm, Ø: 50 mm) at the height of approximately 4 cm. Standards of the 
investigated allelochemicals (1mg from each standard per soil column) were dissolved in 3.5 
mL water with 1% (v/v) DMSO and poured on the surface of each soil column. The columns 
were rinsed with 3.5 mL each, 1h after the treatment. Soil samples were collected at a depth of 
about 0-2 and 2-4 cm after one day of the treatment. The extraction of the allelochemicals was 
performed from the whole soil sample using MeOH in a 50 mL falcon tube. Samples were 
shaken at 200 rpm at 20ºC for 5 h and subsequently centrifuged at 4,500 rpm for 15 min. The 





transferred into 2 mL Eppendorf tubes and centrifuged at 13,500 rpm for 5 minutes. Following 
centrifugation, the supernatant was filtered by a 200 µm membrane filter (Sartorius, 
Goettingen, Germany) and subjected to HPLC-MS to quantify the allelochemicals as described 
in section 2.5. 
3.8.  Impact of allelochemicals on soil microorganisms 
A mixture of the allelochemical compounds was prepared. From this mixture, 100 µg g‒1 fresh 
soil was dissolved in 3.5 mL water with 1% (v/v) DMSO and poured on the surface of each 
soil column as described above in 2.7.5. After 1 h post-application of the allelochemicals 
mixture, the 3.5 mL tap water was added. Tap water with 1% DMSO served as a control. Six 
replicates from treatments and six from the control were prepared. The soil columns were 
incubated at 20ºC in the dark. The columns were randomly redistributed every 24 h. Samples 
were taken seven days after the treatment at two different depths (0-2 cm and 2-4 cm). The 
samples were lyophilized for 48 h and ground. Finely ground material was used for both 
chemical extraction and soil DNA extraction. 
3.9. Soil DNA extraction and quantification of bacterial and 
fungal taxonomic groups by real-time PCR 
DNA from freeze-dried soil samples was extracted using a slightly modified Beule et al. (2017) 
protocol. Briefly, 50 mg finely ground soil was suspending in 1 mL CTAB with proteinase K 
and thoroughly mixed. The mixture was incubated at 42°C and 65°C for 10 min each. 
Following incubation, phenol purification was performed. Following this, two chloroform-
isoamyl alcohol steps were conducted. DNA was precipitated with polyethylene glycol, 
pelleted by centrifugation. Pellets were washed with ethanol twice and subsequently dried 
using vacuum centrifugation. The pellets were resuspended in 50 l TE buffer (10 mM Tris, 1 
mM EDTA, pH 8.0) and incubated at 42°C for 2 h to facilitate the dissolution of the DNA. 
Extraction success was assessed on 0.8% (w/v) agarose gels stained with ethidium bromide. 
Standard curves for the real-time PCR (qPCR) assays were generated in two replicates using 
1:10 serial dilutions quantified PCR products in 0.5X TE buffer. For a standard generation, 
DNA from representatives of the different bacterial and fungal taxonomic groups (Table S1) 
was extracted using a CTAB protocol (Brandfass and Karlovsky 2008). All products used for 
the quantification were re-amplified from their specific bands excised from 1.7% (w/v) agarose 





(v/v) ethanol washing steps to increase the accuracy of the quantification of the PCR products 
serving as standards. 
All qPCR reactions were conducted in a CFX384 Thermocycler (Bio-Rad, Rüdigheim, 
Germany) in 384-well microplates. Amplification was performed with 1:50 dilutions of the 
DNA extracts in 4 µL reaction volume containing 3 µL master mix (1X reaction buffer; 2.0 or 
2.5 mM final MgCl2 concentration (Table S2); 100 µM of each deoxyribonucleoside 
triphosphate (Bioline GmbH, Luckenwalde, Germany); 0.3 µM of each primer (Table S2), 1 
mg/mL bovine serum albumin; 0.03 u DNA polymerase (Table S3) and 1 µL template DNA 
solution or double-distilled H2O for negative controls. The PCR conditions are presented in 
Table S3. Specific melting curves were obtained by heating the samples to 95°C for 60 s and 
cooling to 55°C for 60 s followed by a temperature increase from 55°C to 95°C by 0.5°C per 
cycle with continuous fluorescence measurement. 
3.10. Statistics 
ANOVA, Tukey’s HSD test were estimated using ‘aov’- and ‘TukeyHSD’-function in the 
‘stats’ R-package v3.4.3 in the R v 3.6.1 (R Core Team, 2019). Mann-Whitney U test and 
Box plots were performed using JMP®  (14.1.0), SAS Institute Inc. Dose-response curves 
were generated using a four-parameter logistic model in SigmaPlot 14.0 (Systat Software, 
San Jose, CA).  
4. Results:  
4.1. Bioassay-guided fractionation and chemical analysis 
From the EtOAc extract fractions, only fraction1 and 2 proved as suitable candidates for further 
work. Bioassay-guided fractionations showed that the EtOAc fraction and its fraction 1 were 
phytotoxic to radish seeds with an EC50 value of 195 and 285 µg ml‒1  respectively (Figure 1B, 
1C). However, the inhibitory effect of fraction 1 was not significantly different from the EtOAc 
fraction at 1000 and 500 µg. ml‒1. 
The same experiment showed that the inhibition effect of fraction 2 on radish seeds is 
significantly lower than  fraction1  at 1000, 500, and 250 µg. ml‒1 (Figure 1A). Thus, fraction1 
was suggested as the phytotoxicity source.  
Depending on the accurate mass and MS/MS and the commercial standards, fraction 1 





acid); B, trans-cinnamic acid; C, coumarin; D, o-coumaric acid. The sum of these four 
compounds was considered 100 %, and the proportion of each compound was calculated as a 
percentage. The proportion of these compounds in the EtOAc fraction in the extract from the 
year 2015 was slightly different from 2016 (Figure 2C); therefore, the average of each 
compound over the two years was calculated, and the resulted ratio (A:B:C:D, 38:38:20:4, 
w/w/w/w) was used in bioassays as a ratio that mimics the proportion of the compounds in the 
aqueous extract. 
4.2. Phytotoxicity bioassay of the purified compounds 
Coumarin showed a strong inhibitory effect on seed germination with an EC50 value of 
98 µg ml‒1 followed by melilotic acid with an EC50 value of 388 µg ml‒1 (Figure 3A). 
Moreover, both compounds especially affected root growth. The root length of the germinated 
seeds at the lowest tested dose (62 µg ml‒1) did not exceed 20% of that of the control plant. 
Furthermore, the results indicated that trans-cinnamic acid caused a weak inhibition on seed 
germination with an EC50 value of 624 µg ml‒1, and o-coumaric acid did not disturb 
germination of radish seed at all. On the other hand, both compounds caused dose-dependent 
inhibition on the growth of the roots, an EC50 value of 223 µg ml‒1, and the root growth was 
inhibited as well. 
The incorporation of the sweet clover residues in the soil (Figure 4A) showed an apparent delay 
in the germination of the radish seeds compared to the same treatment with radish residues and 
water as a control. Moreover, the survival rate of radish plants after 12 days per treatment 
(Figure 4B) was calculated by subtracting the non-germinated seeds and the dead seedlings 
after germination from the total seed number. The results showed that survival rate of the seeds, 
treated with seeds clover residues were significantly lower than the survival rate of seed with 
radish residues and water at a significant level of α= 0.05 (water-Sweet clover p=0.0004, 
radish-Sweet clover p= 0.0157, water-Radish p=0.2609). In contrast, no significant difference 











Figure 1.  Germination inhibition of Radish Seeds. (A) Effect (mean and standard error) of 
serial dilutions of total EtOAc fraction,  fraction1, fraction2, and water (control) on germination 
of radish seeds; one-way ANOVA and post-hoc 95% Tukey, n = 3-5. (B, C) dose-response 
curves of germination inhibition of radish seeds as a response to the treatment with EtOAc 
fraction (B) and fraction 1 (C). EC50 is calculated by non-linear regression and a four-parameter 








Figure 2.  Overlay of Extracted Ion Chromatograms of trans-cinnamic acid, Melilotic 
acid, and O-Coumaric acid obtained by Q-TOF LC/MS from fraction 1 in negative mode (A) 
and Coumarin in positive mode (B). Percentage of the detected compounds in the EtOAc 
fraction from sweet clover in 2015 and 2016, the sum of the four compounds was considered 










Figure 3.  Inhibition of root and shoot growth of Radish. (A) Effect of serial dilutions of 
coumarin, o-coumaric acid, trans-cinnamic acid, melilotic acid, and their mixture on 
germination and root length of radish compared to water control. The error bars represent the 
standard error of the mean, n=4. (B) Dose-response curves illustrate the germination inhibition 
of radish seeds as a response to the treatment with various doses of the investigated compounds. 









Figure 4.  Germination and survival of radish seeds after treatment with grounded shoots 
of sweet clover while radish and water were used as control (means + standard error, one-way 
ANOVA, and 95 % Tukey HSD, n = 8–10). (A) Germination of radish seeds; (B) Survival of 
radish plants after 12 days of treatment.  Boxes represent the 75th percentile, median, and the 
25th percentile. Whiskers range from the 75th percentile to the maximum value and from the 
25th percentile to the minimum value. Black dots represent individual data points. 
4.3.  Natural release of allelochemicals from living sweet clover 
plants 
The rain leachate and root exudate of sweet clover were collected and analyzed using HPLC-
MS and GC-MS. Various phenolic compounds were identified in both samples (leachate and 
exudate) see (suppl. Figure.1). Our target compounds were detected in both samples as well. 
Melilotic acid and o coumaric acid were released mainly as glucosides (Figure. 5). The main 
free compound in the samples was coumarin. However, the relatively highest abundant 
glucoside was Melilotoside (o-coumaric acid- glucoside) in the root exudate, where its relative 









 Figure 5. identification and quantification of the potentially phytotoxic compounds. In 
leaf leachates and root exudates and leaves MeOH /Water (50:50) extract, quantified 
depending on standards using HPLC-MS(right). Relative quantification of the Melilotosied and 






4.4. Allelochemicals leaching in soil and their impact on 
microorganisms 
The tracking of the movement of allelochemicals in soil showed that they varied in their ability 
to leach into the soil. However, Coumarin accumulated mainly in the upper 2 cm layer (Figure. 
6).  
Applying a mixture of sweet clover allelochemicals on upper layer of soil (0-2 cm depth) 
revealed a significant inhibition effect against three bacterial groups (Gammaproteobacteria, 
Bacteroidetes, and Gemmatimonadetes) ( p= 0.005, p= 0.012 and p= 0.042) respectively at two 
different significant levels; α= 0.05, α= 0.01 )(Figure 7). The inhibitory effects were not visible 
when monitoring total bacteria and fungi. Among bacteria, the other investigated bacterial 
groups (Alphaproteobacteria, Betaproteobacteria, Actinobacteria, Verrucomicrobia, 
Firmicutes, and Acidobacteria) showed no significant inhibition. The inhibitory effects were 




Figure 6. relative abundance of the investigated compounds at two different soil depths 








Figure 7. Number of 16S rRNA genes of various soil bacterial groups per g dry soil at two 
different soil depths (0-2 cm and 2-4cm). Asterisks refer to the significance level of differences 
between water control and a mixture of allelochemicals from sweet clover within one bacterial 
group (t-test or Mann-Whitney U test, n=5-7). *p ≤ 0.05 and **p <0.01.  Boxes represent the 





maximum value and from the 25th percentile to the minimum value. Black dots represent 
individual data points. 
5. Discussion 
The plant tissues are rich in secondary metabolites, but only those compounds that are released 
into the environment may contribute to an allelopathic effect on another organism. Li et al. 
(2010). These authors also pointed out that water is the only solvent existing in nature and, 
therefore, should be preferred to any other solvents for the extraction of phenolic compounds. 
This study aimed to investigate the leachates from sweet clover and explore the ecological 
function of its allelochemicals. Consequently, the extraction was conducted only with water to 
mimic nature, at least to some extent. 
The results of bioassay-guided fractionation and chemical analysis (Figures 1, 2) showed that 
the source of the phytotoxicity was a mixture of the following compounds: 3-(2-
hydroxyphenyl)-propanoic acid (melilotic acid), trans-cinnamic acid, coumarin, and o-
coumaric acid. Structurally, the compounds are highly similar. That may explain the elution of 
the metabolites at almost the same retention time.  
All identified compounds are involved in the coumarin biosynthesis, as shown in (Figure 8).  
Figure 8. The proposed biosynthesis of coumarin from phenylalanine, as described by 
Gestetner and Conn( 1974) and  Stoker and Belleis (1962). Some glycosylated compounds are 






Coumarin, o-coumaric acid, and melilotic acid have been identified previously as the main 
phytotoxic compounds in sweet clover Nicollier and Thompson (1982).  
The results of the phytotoxicity on radish (Figures 3A, 3B) revealed that coumarin and 
melilotic acid have a strong inhibitory effect on radish seed germination. These results also 
confirmed the study of Nicollier and Thompson (1982), in which coumarin and melilotic acid 
also were identified as a phytotoxic principle in assays on radish and tomato.  Dornbos and 
Spencer (1990) tested the phytotoxicity of coumarin on alfalfa (Medicago sativa), annual 
ryegrass (Lolium multiflorum) with two different assays methods. The standard germination 
test in Petri dishes, which was similar to one that we used, showed that the LD50 values of 
coumarin on M. sativa and L. multiflorum were respectively 60 and 65 µg ml–1. In the second 
assay, which utilized agar as a medium, the LD50 values for M. sativa and L. multiflorum were 
6–9- fold lower than on filter paper in Petri dishes. Such strong phytotoxicity may contribute 
to coumarin, causing weed suppression in the field. 
 trans-Cinnamic acid suppressed germination only weakly, and o-coumaric acid showed no 
effect at all. However, both compounds inhibited root growth in a dose-dependent fashion. In 
congruence, Reigosa et al. (1999) reported that phenolic acids affect seedling growth more than 
seed germination in general. Our results also indicated that the mixture of the active compounds 
was more phytotoxic than the individual allelochemicals except for coumarin, which made up 
20 % of the mixture. This suggests the synergistic effects of melilotic acid, trans-cinnamic, 
and o-coumaric acid. Many authors supposed that in nature, the combinations of 
allelochemicals can cause more pronounced effects through synergistic activity (Blum, Gerig, 
and Weed 1989; Einhellig and Rasmussen 1978; Al-Naib and Rice 1971; Reigosa et al. 1999). 
The incorporation of sweet clover in soil caused a noticeable delay in seed germination and a 
significant reduction in survival plants. Our results support the notion that coumarin and related 
compounds, which are still present in the residues or accumulate as plant leachates in the soil, 
can trigger the observed effects. Generally, it is well documented that phytotoxic metabolites 
that are released from plant residues during decomposition can produce inhibitory effects on 
other plants such as delay or inhibition of seed germination, reduction of growth of seedlings, 
root injury, wilting, stunting and chlorosis, amongst others (Patrick, Toussoun, and Koch 
1964). 
Other assays showed that, besides phytotoxic effects, the sweet clover allelochemicals mixture 
significantly inhibits three of the investigated bacterial groups, one of the major components 





Proteobacteria represented the highest abundant group of bacteria in our tested soil. Generally, 
the phylum Proteobacteria is the most dominant soil bacteria across the globe, and particularly 
Alpha-, Beta-, and Deltaproteobacteria (Delgado-Baquerizo et al. 2018). Although 
Gammaproteobacteria represents only one of many classes of soil bacteria, it includes more 
genera than most of the other bacterial phyla. It is classified as gram-negative bacteria and 
comprises many medically and ecologically important genera, such as Escherichia, 
Salmonella, Pseudomonas, Xanthomonas, Nitrococcus, Acidithiobacillus, Yersinia, and 
Vibrio. 
Furthermore, It includes crucial insect endosymbionts, such as Buchnera in aphids, 
Hamiltonella in whiteflies, and Blochmannia in ants (Garrity et al. 2005; Williams et al. 2010).  
According to Mansfield et al. (2012), eight out of the top ten bacterial plant pathogens belong 
to the genera Pseudomonas, Xanthomonas, Erwinia, Xylella, Dickeya, and Pectobacterium. All 
of these eight plant pathogens classify as Gammaproteobacteria. To our knowledge, until 
today, no studies report that sweet clover is susceptible to Pseudomonas and Xanthomonas. 
Although many species from the genera Medicago and Trifolium, which are phylogenetically 
closely related to the genus Melilotus in the tribe Trifolieae, are susceptible to Pseudomonas 
and Xanthomonas infection (Nemchinov et al. 2017; Nelson and Campbell 1993; Esnault et al. 
1993; Steele and Wojciechowski 2003). Zhang and Nan (2014) studied the pathogenicity of 
the bacterial legume pathogen Erwinia persicina against 22 species of legumes and found the 
least severe effect showing in M. albus and M. officinalis. 
This additional information supports our findings that coumarin and related allelochemicals 
inhibit Gammaproteobacteria, to which the most important plant pathogens classify. Likewise, 
no reports exist that sweet clover is a host plant for bacterial pathogens. 
Another critical issue that merits consideration is that sweet clover is a legume species. 
Rhizobium bacteria from Alphaproteobacteria, such as Ensifer, Phyllobacterium, and 
Rhizobium, form a symbiotic association with sweet clover (Bromfield et al. 2010).  
Accordingly, we hypothesize that the leaching of allelochemicals into the soil might favor 
nodule initiation by Rhizobium bacteria by concomitantly inhibiting the antagonists from 
Gammaproteobacteria.  
The phyla Bacteroidetes and Gemmatimonadetes were also significantly inhibited by the 
investigated allelochemicals. Both phyla are gram-negative bacteria and have been widely 
reported in soil and sediment. Depending on the 16S rRNA genes in libraries prepared from 
soil bacteria, Bacteroidetes and Gemmatimonadetes have been ranked in the most dominant 





Conversely, the other investigated bacterial groups showed no significant differences, which 
indicates that the antimicrobial effect may be very selective. 
Furthermore, the total fungal quantification indicates that some treated samples are colonized 
more abundantly than the control, but not statistically significant. In this context, it is known 
that some fungal species, such as Aspergillus ssp. Moreover, Penicillium spp. can use trans-
cinnamic acid, coumarin, o-coumaric acid, and melilotic acid as substrate (Bocks 1967; 
Murray, Méndez, and Brown 1982; Costa, Tavares, and de Oliveira 2016). 
6. Conclusion 
The investigated allelochemicals, trans-cinnamic acid, coumarin, o-coumaric acid, and 
melilotic acid, exerted potent inhibition on germination and growth of radish. Moreover, they 
are released into the environment in root exudate and leaf leachates. Furthermore, incorporating 
sweet clover residues into the soil caused a delay in germination and a significant reduction in 
plant survival. Furthermore, the same allelochemical mixture caused manipulation of the 
abundance of the bacterial groups in the upper soil layer. Here the question arises, whether the 
phytotoxic effect which we observed when incorporating the plant residues into the soil are 
caused (1) by direct toxicity of the allelochemicals; or (2) as a result of a modulated soil 
microbial community; or (3) by a combination of both factors. Lou et al. (2016) found that 
allelochemicals of Trifolium pratense provided weed suppression only for a short time and 
mostly in the absence of microorganisms suggesting that allelochemicals and soil microbes 
could antagonize each other. Moreover, the incorporation of fresh Trifolium pratense residues 
in the soil showed stronger weed suppressive even in the presence of microorganisms. Our 
study not only confirms previous observations on sweet clover allelochemicals but also paints 
a much complex picture of their potential interactions in soil by unraveling specific interactions 
with different members of the soil bacterial community.  
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Suppl. table.1 Soil characteristics 
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1. Summary 
Fumigation with heated henbane (Hyoscyamus niger) seeds has been used in folk medicine 
since the time of the ancient Egyptians. In northern Iraq, authorized practitioners in folk 
medicine state that henbane has been used as an antiparasitic drug. However, the therapeutic 
properties of henbane smoke have been linked mainly to the tropane alkaloids (hyoscyamine 
and scopolamine). In this study, we found only a few traces of hyoscyamine and scopolamine 
in the fume released from heated henbane seeds, which questions their role in the antiparasitic 
activity of the fume. Still, we proved the nematicidal effect of the fume released from heated 
henbane seeds. Furthermore, among the potentially toxic metabolites, mixtures of toxic 
aldehydes that could have been formed during the heating process, mainly α, β-unsaturated 
aldehydes, were identified. 
2. Introduction 
Natural products have provided therapeutic agents to humankind since their early beginnings.  
Hyoscyamus niger (henbane) is an annual or biennial weed, which is native to a broad region 
of Eurasia (Mitich 1992). It is one of the oldest medicinal plants recorded in history. Ancient 
Egyptians were versed with medicinal plants (Kelly 2009). They practiced the inhaling of the 
vapor of the heated henbane to treat asthma-like disorders (Barnes 2006). The Greek physician 





henbane was used widely as a narcotic drug (Hocking 1947). The Arab physician Ibn Al Jazzar 
reported in the 10th-century the use of henbane for toothache, earache, respiratory disorders, 
and eye inflammation. Inhalation of henbane seeds smoke was one of Ibn al Jazzar’s 
prescriptions for a toothache (Almahdi 2003). Fenwick and Omura (2015) found archaeological 
evidence for medicinal henbane fumigation in Turkey dated to ca. 1450–1640. Tabata et al. 
(1994) mention that fumigation with henbane seeds is practiced in some regions of Turkey by 
spreading the seeds on a hot iron plate and inhale the smoke through the mouth. Moreover, 
smoking a mixture of the herbs rich in tropane alkaloids, mainly stramonium with henbane and 
belladonna, was recommended as a medical treatment for asthma in the United States and 
Europe until the early decades of the 20th century (Jackson 2010).  
We surveyed the use of henbane in northern Iraq. The survey included practitioners of folk 
medicine in rural areas. In addition to the healing effects stated above, many practitioners 
mentioned that the smoke released from burned henbane seeds is used as a treatment against 
eye worms.  
The literature points out tropane alkaloids such as hyoscyamine and scopolamine as active 
compounds of henbane. This hypothesis seems correct when consuming henbane parts or their 
extracts, but it does not explain the biomedical activity of the henbane volatiles. Furthermore, 
to our knowledge, no studies are confirming the existence of tropane alkaloids as volatiles of 
any plant species. 
The objectives of this study are as follows: 
i. To investigate the toxicity of VOCs released by heated henbane seeds in worms and 
other invertebrates. 
ii. To test whether tropane alkaloids are present in the fume released from heated 
henbane seeds. 
iii. To purify and characterize the active VOCs released by heated henbane seeds.  
3.  Materials and methods 
3.1. Plant materials 
Approximately 1kg of Hyoscyamus niger. L (henbane) seeds were collected from native plants 
located in Penjwin Mountain in Kurdistan Region, Iraq (35°61’25.28” N 45°97’01.28” E), at 
an altitude of 1404 m above sea level. The seeds were cleaned from plant residues and saved in 





3.2. Experimental setup 
3.2.1. Exposure to volatiles released by heated seeds 
 
Figure 1. Apparatus for exposure to thermally released volatiles. 1 Heating unit consisting 
of Erlenmeyer flask and heating bath; 2 exposure chamber immersed in a water bath; 3 closed 
air circulation system. 
The apparatus consisted of a heating unit, exposure chamber, and closed air circulation system 
(Figure 1). The ground seeds were placed in an Erlenmeyer flask 250 ml, which was immersed 
in Rotitherm® M 150 (Carl Roth, Karlsruhe, Germany). The medium was heated by a heating 
plate. The volatiles released by the heating were continuously transferred from the flask to the 
exposure chamber through a closed air circulation system. The air system consisted of an air 
pump VP 86 (VWR, France), a flow control valve, and connection tubes. The tested organisms 
were placed in the exposure chamber, which consisted of a desiccator equipped with an air inlet 
and outlet. A piece of paper tape was pasted as U form in front of the air inlet to distribute the 
air stream and avoid the direct flow on the organism tested. The tape was renewed for each 
sample tested.  The exposure chamber was cooled down at approximately 23 °C using a cold 
water bath. The exposure to the volatiles released by heated seeds lasted for 1 h. The heating 
temperature, airflow rate, and seed amounts were optimized before starting the tests. The 
temperature was measured by a digital thermometer (Type K – 800023, Sper Scientific, USA) 
coupled to the measured area with a wired sensor. The airflow rate was measured by a mass 





3.2.2. Volatiles trapping from heated seeds  
 
Figure 2. Apparatus for capturing thermally released volatiles. 1 Heating unit consists of 
Erlenmeyer flask and heating bath; 2 organic solvent trap immersed in an ice bath; 3 air 
ventilation system; 4 activated charcoal with glass wool filter 
 
The apparatus consisted of a heating unit, volatiles capturing trap, and air ventilation system 
(Figure 2). The volatiles released by heating were continuously transferred from the flask to the 
capturing trap through a ventilation system similar to what has been described above in 2.2.1. 
However, ventilation was provided by an open one-way system. The system was equipped with 
an air cleaning charcoal column to ensure the pureness of the pressurized air before entering 
the heating unit. The cleaning column consisted of a glass column filled with activated charcoal 
(1 mm Norit®, Sigma-Aldrich GmbH, Steinheim, Germany). The capturing trap consisted of a 
glass bottle filled with pure methanol and placed in an ice bath to keep the methanol cold. The 
volatiles were bubbled into the methanol through a glass tube equipped with a porous end, thus 
making the air bubbles smaller and the contact surface larger. The capturing process continued 





3.3. Purification and chemical analysis 
3.3.1. Preparative-HPLC 
Preparative high-pressure liquid chromatography (HPLC) was applied to fractionate the 
captured volatiles fraction. The separation was achieved in a reverse-phase column (Nucleodur 
C18 pyramid, 5 µm, 250 x 21mm, Macherey-Nagel, Düren, Germany) coupled with a guard 
column (VP10/16, Nucleodur C18 pyramid, Macherey-Nagel, Düren, Germany). A flow rate 
of 15 mL min−1 was generated by a binary pump (PU-2086 plus, JASCO Inc., Gross-Umstadt, 
Germany). Solvent A consisted of water with 0.25 % acetic acid (v/v) and B of methanol 
(MeOH) with 0.25 % acetic acid (v/v).  The gradient was as follows: 0-5 min, 5 % B; 5-75 min, 
from 5 % to 98 % B; 75-90 min, 98 % B; 90-105 min, from 98 % to 5 % B; 105-120 min, 5 % 
B. The fractions were collected using a fraction collector (CHF122SC, Advantec MFS Inc., 
Japan). Aliquots of 30 mg volatiles crude dissolved in 3 mL MeOH/water (1:1, v/v) were 
injected. The separation process was monitored using a UV/VIS detector (Jasco UV-970, 
JASCO Inc., Gross-Umstadt, Germany) at 280 nm UV absorption. The system was operated by 
the software JASCO ChromPass 1.8.6.1.  
3.3.2. Recovery of purified VOCs by SPE 
To avoid volatilization of the captured metabolites, samples were not concentrated using 
conventional drying methods. Alternatively, the purified compounds and the fractions collected 
from preparative- HPLC were diluted with distilled water (1:3, v/v). The diluted samples were 
filtered through a self-packed capturing column (C18, 50 µm, 10 x 30mm) connected to the top 
of a filtration flask. The filtration was performed with the help of a vacuum pump V-100 (Büchi, 
Switzerland). Afterward, 3–10 ml methanol was applied to the column to elute the captured 
metabolites, and the fraction was collected in falcon tubes placed inside the filtration flask. 
Samples for NMR were prepared with the same method except for the last elution step, where 
the column was dried by the vacuum to get rid of the solvent residues. Afterward, the captured 
volatiles was eluted with 3 mL of deuterated methanol CD3OD (Sigma-Aldrich Chemie GmbH, 
Steinheim, Germany). 
3.3.3. HPLC-MS-QTOF data acquisition and analysis 
The captured fraction was subjected to a high-performance liquid chromatography system 
coupled to a quadrupole time-of-flight mass detector (HPLC-MS-QTOF, Agilent, Darmstadt, 
Germany). The HPLC system based on Agilent 1290 Infinity II series equipment and consisted 





detector (DAD). The HPLC coupled to a quadrupole time-of-flight high-resolution mass 
detector (Agilent 6545 LC/Q-TOF, Agilent, Darmstadt, Germany) with dual Jet Stream 
electrospray ionization (AJS ESI). The column was (Zorbax Eclipse plus C18, 2.1 x 50 mm, 
1.8 µm, Agilent) with a guard column (Zorbax Eclipse plus C18, 2.1 x 5 mm, 1.8 µm).  The 
system was operated by the software (Mass Hunter Workstation Software, LC/MS Data 
Acquisition for 6500 Series Q-TOF, version B.08.00, Agilent). The mobile phase A was water 
with 0.1% formic acid (v/v), and B was methanol with 0.1% formic acid (v/v). The injection 
volume was 2µL, and the flow rate of 0.4 mL/min. The initial condition was 5% of B and 
increased linearly to 95 % in 10 min and was held for 2 min for purging then decreased to the 
initial condition in 1 min and re-equilibrated for 3 min. The samples were measured in positive 
ionization mode with full MS and MS/MS scans. The results were analyzed using the software 
(Mass Hunter Workstation Software, Qualitative Analysis Navigator Version B.08.00, 
Agilent).   
Acquired raw data files were processed with Agilent MassHunter Qualitative Analysis Software 
(version B08.00, Agilent Technologies). Results were exported as compound exchange file 
(CEF) format. Comparative data analysis was performed using MassProfiler Professional 
(version 14.9-Build 11939, Agilent Technologies) and MassHunter Profinder (Version B.08.00, 
Agilent Technologies). Details concerning the feature finding and the algorithm employed are 
given by Hansler et al. (2014). No statistical tests were applied, but the most abundant 
characteristic features for the treatment (m/z, retention time, and ion abundance) were selected 
manually.  
3.3.4. Nuclear Magnetic Resonance spectroscopy. 
The chemical structures of the purified compounds were determined by Dr. Michael John 
(Institute of Organic and Biomolecular Chemistry, University of Göttingen, Göttingen, 
Germany). 
3.4. Toxicity assays  
3.4.1.  Nematode Caenorhabditis elegans 
The model nematode Caenorhabditis elegans (C. elegans) was subjected to the volatiles 
released from heated seeds. C. elegans nematodes and Escherichia coli OP50 were kindly 
provided by Prof. Jiafu Hu, Zhejiang Agriculture and Forestry University, China. C. elegans 
was re-cultured weekly onto freshly prepared nematode growth medium (NGM) inoculated 





as described by Stiernagle (2006). C. elegans were transferred onto 3 cm NGM plates (Ten 
adults per plate). They were incubated at 18°C in the dark. After 3 days, age-synchronous 
nematodes that dominated in growth stage L4 were ready to use. One plate was placed in the 
exposure chamber of the apparatus described above in (2.2.1).  The toxicity of the heated seeds 
was evaluated after 1 h of the continued exposure to the volatiles released from seeds. 
3.4.2.  Brine shrimp Artemia salina 
Brine shrimp bioassay was performed as described by Molina-Salinas et al. (2006) with some 
modifications. A commercial mixture of salt and dry Artemia cysts (Artemio ® Mix, JBL, 
Neuhofen, Germany) was bought from a local shop. The method was optimized and validated 
before use. Depending on the optimization results, 30 g of the shrimps salt mixture was 
dissolved in 1 L demineralized water in a separation funnel and incubated at 28 °C under a 
classic light 55 W.  Air was bubbled continuously through the solution. After 24 h, the hatched 
naupliae were collected at the bottom of the funnel.  
The total MeOH crude was concentrated. To avoid the drying of the volatile crude solution, its 
weight was estimated by drying a small portion. The concentrated MeOH crude was diluted 
with the filtrated shrimp’s water to the final MeOH concentration of 1.25 % (v/v). The assay 
was performed in 96-well plates. In each well, 50 µL of shrimp solution was placed containing 
approximately 30 individuals. The number of dead shrimps was recorded before the application 
of the compound solution. In each well, 150 µL of the compound solution was added. 
Concentrations were prepared in a 1:1 dilution series (from 1000 to 31 µg mL-1 final shrimps-
compounds mixture) with a constant MeOH content of 1.25 % (v/v). Ten replicates from each 
concentration were prepared. Filtrated shrimp medium with 1.25 % MeOH (v/v) served as 
control. The plates were incubated at 28 °C in the light. The number of dead shrimps was 
recorded after 2 h of the treatment, and the number of dead and total shrimps was recorded after 
24 h of treatment to calculate the mortality rate.  
3.4.3.  Drosophila melanogaster  
Drosophila melanogaster was kindly provided by Prof. Marko Rohlfs, University of Bremen, 
Institute of Ecology. Fruit fly was reared using the method described by Trienens et al. (2010).  
Approximately 25 healthy adult flies were collected in cylindrical insect cages (Ø: 4 cm, height: 
3 cm) with mesh walls to allow air to enter freely. One cage was placed in the exposure chamber 
of the apparatus described above in (2.2.1). In each treatment, 3 replicates were tested. The 
exposure to the heated seeds volatiles lasted for one hour. The mortality and health status of the 





on the larval stage as well. Female laid eggs on a thin layer of Drosophila growth medium in 
Petri dishes (Ø: 5 cm), and the plates were incubated at room temperature. After 3 days, the 
plates were dominated by the second instar flies and were ready to use in the toxicity test. The 
plates were exposed to the volatiles as described above. Three replicates were tested for each 
plant species. The mortality of the larva was recorded after the exposure. 
3.5. Statistics 
Dose-response curves were estimated using a four-parameter logistic model in SigmaPlot 14.0 
(Systat Software, San Jose, CA).  
4. Results 
4.1. Ethnopharmacological uses of henbane in northern Iraq 
We performed a survey about the use of henbane in traditional medicine in northern Iraq, 
including the area shown in (Suppl. Figure. 1). The survey included many authorized 
practitioners of folk medicine. The results showed that henbane is used for several diseases such 
as spasms of the digestive system, eczema, urinary tract disorders, asthma, and toothache. 
Interestingly, the vast majority of the practitioners mentioned a unique use of henbane as a 
treatment against eye inflammation and eye worms. The treatment is applied by burning 
henbane plants and exposing the patient's eye to the smoke. 
4.2. Biological effect of volatiles released by heated seeds 
4.2.1. Toxicity in C. elegans  
The nematicidal activity of the volatiles released from heated seeds was tested against the model 
nematode C. elegans. The method was validated before performing the test. At each time, 2 g 
of the seeds were heated, and the air circulation rate was adjusted to 3.5 L min‒1. The optimal 
seed temperature range was 120-150 °C. At this temperature, no mortality on nematodes after 
1 h of continued exposure to soybean volatiles was observed, while henbane volatiles caused 
100 % mortality (Suppl. Table 1). In addition to henbane and soybean, 13 different plant species 
were tested under the same conditions (Table.1). All tested species except henbane did not cause 





Table.1 Mortality of the nematode C. elegans caused by the exposure to volatiles released 
from heated seeds. C. elegans was continually exposed (for 1h) to the volatiles released from 
2 g of each species tested. The seeds' temperature was 120-150 °C. Five replicates from each 




Family Part tested Mortality (%)   
Datura stramonium Jimson weed Solanaceae Seed 0 
Hyoscyamus niger Henbane Solanaceae Seed 100 
Oryza sativa Rice Poaceae Seed 0 
Triticum aestivum Wheat Poaceae Seed 0 
Zea mays Maize Poaceae Seed 0 
Glycine max Soybean Fabaceae Seed 0 
Cicer arietinum Chickpea  Fabaceae Seed 0 
Phaseolus vulgaris Common bean Fabaceae Seed 0 
Brassica napus Rapeseed Brassicaceae Seed 0 
Raphanus sativus Radish Brassicaceae Seed 0 
Pimpinella anisum Anise Apiaceae Seed 0 
Foeniculum vulgare Fennel Apiaceae Seed 0 
Carum carvi Caraway Apiaceae Seed 0 
Galanthus nivalis Snowdrop Amaryllidaceae bulbs 0 
Sesamum indicum Sesame  Pedaliaceae Seed 0 
 
4.2.2. Toxicity in Drosophila melanogaster 
Drosophila melanogaster was assayed similarly to the nematodes. Each replicate consisted of 
4 g of seeds. The exposure to henbane volatiles caused a significant reduction in the movement 
of the adult flies immediately after the treatment (Figure. 3), upon which 67 % of the flies tested 
were static (either dead or narcotized). Interestingly, approximately 17 % of the flies restored 
the ability to move after 1 h of the treatment, and the individuals who were still immobile were 
considered as dead. On the other hand, the movement of the flies treated with soybean volatiles 
was not affected.  Moreover, the toxicity of the volatiles was tested in the larval stage as well. 
In contrast to the observed effect in the adults, the volatiles released from heated henbane and 





4.2.3. Toxicity in brine shrimps 
The toxicity of the volatiles was tested in a brine shrimp bioassay. The volatiles were captured 
in cold MeOH, and the crude was concentrated and applied on shrimps. The concentrated 
volatiles crude was toxic to brine shrimps with an estimated EC50 value of 75 µg mL‒1 after 16 
h of the incubation (Figure 3B). 
 
 
Figure 3: Effect of henbane volatiles on Drosophila melanogaster and brine shrimps. 
Drosophila melanogaster flies were exposed to the volatiles released from heated henbane 
seeds. The static flies were either dead or narcotic after 1 min of treatment, and they were dead 
after 1 h. The error bars represent the standard error, n=3 (A). The toxicity of the captured 
volatiles was tested in brine shrimps. The mortality was recorded 16 h after treatment. Curve 
fitting by non-linear regression using a four-parameter logistic model (n=10).  Black dots 
represent individual data points (B). 
4.3. Bioassay-guided fractionation 
The captured crude was fractionated into 5 fractions using preparative-HPLC (Figure. 4A). The 
toxicity of the fractions was tested in brine shrimps at a dose of 100 µg mL‒1. Fraction 5 caused 
68 % mortality in brine shrimps after 16 h of incubation, while the other fractions did not show 








4.4. Analysis of tropane alkaloids 
The tropane alkaloids hyoscyamine and scopolamine were identified tentatively based on the 
accurate mass and MS/MS fragmentation (Suppl. Figure. 2). The compounds were relatively 
quantified in the methanolic seeds extract and in the captured volatiles released from seeds. 
Traces of both compounds were detected in the captured volatiles comparing to the original 
content in the seed extract. However, the content of hyoscyamine and scopolamine detected in 
the volatiles was respectively 0.2 and 0.5 % of its content in the methanolic seed extract (Figure. 
5). 
 
Figure 4. Preparative-HPLC and toxicity of henbane volatiles in brine shrimps. The 
volatiles released from heated henbane seeds were captured in cold MeOH. The captured 
volatiles crude was concentrated and fractionated into 5 fractions (F1 to F5) using preparative 
HPLC (A). The toxicity of each fraction was tested in brine shrimps. The error bars represent 






Figure. 5 Hyoscyamine and scopolamine content. Comparison between the methanolic 
henbane seed extract and the captured volatiles in cold methanol. 10 g seeds were extracted 
with 200 mL methanol, and fumes released from 10 g seeds at 120–150°C were captured in 200 
mL cold methanol. 4 µl of each extract was injected into C18 columns and analyzed by TOF-
MS. Extracted ions with m/z of 304 (scopolamine) and 290 (hyoscyamine) are shown.  
4.5. Investigation of the volatilization and polarity 
In order to investigate the properties of the toxic component (volatilization and polarity), the 
crude volatiles was modified by drying and defatting with cyclohexane. The following 
treatments were prepared: concentrated crude, concentrated and defatted crude using 
cyclohexane, dried crude, and defatted and dried crude. The toxicity of each treatment was 
assessed in brine shrimps bioassay (Figure. 6). The concentrated crude showed acute toxicity 
where the mortality reached 85 % after 2 h of the treatment with 125 µg mL‒1. The concentrated 
and defatted treatment was slightly toxic, with an anesthetic effect. This effect was evident at 
the dose of 250 and 125 µg mL‒1, which caused a potent inhibition of the movement after 2 h 
of the treatment. Interestingly, the majority of the paralyzed shrimps restored the ability to move 
after 24 h of the treatment. The dried fractions showed no toxicity in brine shrimps. Depending 






Figure 6. Toxicity of modified fractions from henbane volatiles crude. The volatiles were 
captured in cold MeOH. The crude was modified by drying and defatting with cyclohexane. 
The toxicity of each modified fraction was evaluated in the brine shrimps assay. The error bars 
represent the standard deviation, n=10. 
 
4.6. Metabolite profiling 
Metabolite profiling was performed for the modified fractions and pure crude using HPLC-
QTOF. Depending on the results of the toxicity of each treatment in brine shrimps (Figure. 6), 
the candidate metabolites were the shared metabolites among the crude, concentrated crude, 
and concentrated & defatted (Figure. 7A). The metabolites were excluded from further 
investigations once they were detected at high abundance in the dried, dried & defatted fractions 
and the species with nontoxic VOCs (soybean and Datura stramonium). Based on the above 






Figure 7. Potentially bioactive metabolites in captured fume of heated henbane seeds. (A) 
Fractionation of metabolites from captured fumes for HPLC-MS analysis. The candidate 
metabolites (gray) were selected depending on the results of the toxicity bioassay shown above. 
(B) Putative molecular mass of the candidate metabolites and their abundance in each fraction 
based on HPLC-QTOF analysis. 
4.7. Purification and characterization of the potentially bioactive 
metabolites 
The target metabolites were purified using preparative-HPLC into four fractions (Figure.8). To 
avoid volatilization of the metabolites, fractions were captured in C18 column and were eluted 






Figure.8 Purification of the potentially bioactive metabolites. Crude captured fumes from 
H. niger seeds were fractionated by preparative-HPLC on a C18 column. 25 fractions were 
collected and analyzed by HPLC-TOF. Four fractions containing compounds with target 
molecular weights (Figure 7) were selected for further work.  
4.8. Structure elucidation of the purified fractions  
The characterized metabolites are shown in (figure.9) 
The relative toxicity of the purified fractions dissolved in CD3OD after NMR analysis was 
evaluated in brine shrimps. Based on our previous experiences, 1.25 % methanol is the highest 
concentration that does not harm the brine shrimps. Therefore we added 12.5 µl of each fraction 
in deuterated methanol to 1 mL growth medium and incubated with the animals for 24 h. Only 









Figure. 9 Structures of the potentially toxic henbane volatiles and their toxicity in brine 
shrimps. Four fractions were purified using Preparative-HPLC (A, B, C, and D) and dissolved 
in CD3OD. Structures were elucidated by NMR. The relative quantification is based on the 
terminal methyl group fragment. The toxicity of the purified fractions was assessed in brine 
shrimps. 12.5 µL of each fraction was diluted in 1mL shrimps solution. Water with 1.25 % 
methanol (v/v) served as a control. The mortality was recorded 24 h after treatment. The error 
bars represent the standard deviation, n=10. 
5. Discussion 
The survey about the use of henbane in folk medicine in northern Iraq revealed numerous 
pharmaceutical properties. In this study, we validated the statements of some practitioners about 
the unique use of henbane smoke as a treatment against eye worms. Many studies revealed that 
a wide range of parasitic nematodes can infest the human eye, such as the genera Ascarids and 
Thelazia, and genera from the family Onchocercidae. (Orihel and Eberhard 1998; Shen et al. 





volatiles released from heated henbane seeds using a special apparatus that mimicked the 
traditional application. Only henbane was toxic to the nematodes C.elegans; none of the other 
tested 15 plant species. The result is consistent with the statements of the practitioners. It is 
worth mentioning that (Dulger and Dulger 2015) mentioned the use of henbane in Turkey to 
remove the worms from the eye, and that may support our results. Furthermore, it has been 
reported that henbane was used as antiparasitic medicine in Tibet (Kletter and Kriechbaum 
2001; Tsarong 1994). 
Tropane alkaloids, mainly atropine, hyoscyamine, and scopolamine, are linked to the 
therapeutic properties of plants from Solanaceae such as Atropa belladonna, Datura 
stramonium, and Hyoscyamus niger (Grynkiewicz and Gadzikowska 2008; Griffin and Lin 
2000). Tropane alkaloids are believed to be the reason behind the pharmacological properties 
of asthma cigarettes, which were recommended in the United States and Europe as a treatment 
for asthma until the early decades of the 20th century. The cigarette was a mixture of herbs rich 
in tropane alkaloids such as Datura, belladonna, and henbane. However, the principle of the 
direct intake through cigarette smoking is not quite comparable to the inhalation of the fume 
released from heated seeds, where the active ingredients are inhaled volatiles. Generally, the 
volatility decreases with increasing the molecular mass. Therefore, tropane alkaloids with 
molecular masses of about 300 daltons are unlikely to be volatiles. In our study, we detected 
traces of hyoscyamine and scopolamine in the captured fume. Still, the quantities of those 
alkaloids in the fume were respectively 200 and 500 times lower than the seed content. 
Therefore, the small amount of those alkaloids in the fume reduces the probability of causing 
an apparent biological effect. However, the detectable traces of alkaloids might have been 
caused by the faster airflow in the capturing apparatus, which does not compare to inhalation. 
The fume released from heated henbane seeds caused a toxic and narcotic effect on Drosophila 
melanogaster adults. On the other hand, the larvae of Drosophila were not affected by the fume. 
The difference in the respiratory strategies may explain the contrasting effect of the volatiles. 
Callier et al. (2015) found that larval Drosophila melanogaster could tolerate oxygen 
deprivation in the medium. Furthermore, they mentioned that the larvae could move in anoxia 
for several minutes while adults were quickly paralyzed. 
Furthermore, we used brine shrimp assay in this study to evaluate the cytotoxicity of the 
captured volatiles from heated henbane seeds.  Brine shrimp bioassay is a simple and reliable 
tool for cytotoxicity prescreening (Anderson et al. 1991). Ruebhart et al. (2008) reviewed 
various studies in which brine shrimp have been used. They mentioned that brine shrimp was 





products, environmental toxicology, and drug discovery. However, the captured volatile 
mixture showed strong toxicity against brine shrimps with an EC50 value of 75 µg mL-1. 
Furthermore, bioassay-guided fractionation showed that the lipophilic fraction was the only 
toxic fraction to brine shrimps. The investigation of the properties of the toxic components 
(volatilization and polarity) showed that the untreated fraction with heating and cyclohexane 
was the highly toxic fraction. A dosage of 125 µg mL-1 caused acute toxicity with 85 % of the 
individuals dead after 2 h of incubation. The concentrated and defatted fraction was slightly 
toxic with an anesthetic effect, while the dried fractions proved to be not toxic at all. Hence, the 
toxic ingredients had to be lipophilic and volatile  
Based on metabolite profiling, the potentially toxic metabolites were separated into 4 fractions. 
Fraction A consisted of the pure compound 2-pentylpyridine, which is a Maillard product that 
resulted from the thermal interaction of 2,4-decadienal and amino acids. It is an odor compound 
detected in the aroma of various grilled meat and roasted seeds (Yannai 2008).  However, 
fraction A was not toxic in brine shrimp bioassay, and this can be compatible with the facts 
above. 
Fraction B consisted of a mixture from at least 4 metabolites. The first metabolite was 4-
hydroxynonenal (4-HNE). 4-HNE is the primary product of lipid peroxidation in living 
organisms. It is also produced during meat processing and deep frying (Zanardi et al. 2002). 4-
HNE is considered to be very toxic. It can cause unspecific cytotoxicity and rapid cell death at 
a concentration of ≥100 μM (Esterbauer et al. 1991). The second metabolite in fraction B was 
methyl hemiacetal of 4-oxononanal. It is known that alcohols interact with aldehydes and 
ketones to form hemiacetal adducts. In an acidic medium, the interaction can continue beyond 
the hemiacetal stage to form acetal adducts (Vollhardt and Schore 2011). Therefore, we 
considered all compounds with hemiacetal as adducts of the corresponded aldehydes formed 
during the trapping process in methanol. Thus, 4-oxononanal was probably the original 
metabolite. 4-Oxononanal was reported as a toxic aldehyde that can be formed during the deep-
frying process (Guillén and Uriarte 2012; Zhang et al. 2015). Fraction B and Fraction C 
included methyl hemiacetal 2,3-epoxy-alkanals. We excluded the hemiacetal group, as 
mentioned above. Thus 2,3-epoxyoctanal and 2,3-epoxyononanal could represent the original 
compounds in fractions B and C. Previous studies mention that some epoxyalkanals have been 
detected among other oxygenated aldehydes released during the heating of some oils (Guillén 
and Uriarte 2012; Guillén et al. 2005). 
Moreover, Guillén and Uriarte (2012) suggested that the abundance of 2,3-epoxyoctanal and 4-





of those compounds as volatiles of heated henbane, especially when taken into account that 
linoleic acid is the major fatty acid in henbane seeds (Nejadhabibvash et al. 2012). Furthermore, 
diglycerides, which include at least one linoleic acid chain such as 1-O-(9Z,12Z-
octadecadienoyl)-3-O-(9Z-octadecenoyl) glycerol, were detected in henbane seeds (Ma, Liu, 
and Che 2002). To our knowledge, the toxicity of 2,3-epoxyoctanal and 2,3 epoxyononanal has 
not been reported yet. Generally, alkanals are less reactive and toxic than other aldehydes, 
which possess double bonds and other reactive functional groups (Guillén and Uriarte 2012; 
Grootveld et al. 1998).  
The most abundant compound in fraction C was 2-heptenal, which is a product of lipid 
peroxidation (Guillén and Uriarte 2012). Nishikawa et al. (1992) proved that the toxicity of 4-
HNE to rats is almost similar to the toxicity of trans-2-heptenal. The second detectable 
metabolite in fraction C was 2-nonen-4-olide. Dai et al. (2012) reviewed the research history 
on this metabolite. It is classified as a food odor and approved as a safe food additive. Based on 
the above, we excluded 2-nonen-4-olide from the potentially toxic metabolites. The last 
characterized metabolite in fraction C is 4-oxo-2-nonenal (4-ONE), a very toxic aldehyde 
formed by lipid peroxidation. 4-ONE is an electrophilic aldehyde that can bind to proteins and 
polynucleotides and trigger cell death. It is more neurotoxic and more protein reactive than 4-
HNE (Lin et al. 2005). 4-ONE can form imines faster than 4-ONE, which could explain its 
higher toxicity (Kovacic 2006). Picklo et al. (2011) revealed that 4-ONE could actively alter 
mitochondrial function by uncoupling mitochondrial respiration and causing lipid peroxidation. 
Generally, the toxic volatiles that we purified from heated henbane seeds are mixtures of 
aldehydes formed by lipid peroxidation. Depending on results from published studies, the 
toxicity of the purified metabolites can be ranked as follows: 4-oxo-2-nonenal > 4-
hydroxynonenal > 2-heptenal >4-oxo-nonanal. The toxicity of 2,3-epoxyoctanal and 2,3 
epoxyononanal remains uncertain. By contrast, 2-pentylpyridine and 2-nonen-4-olide are 
assumed to be non-toxic compounds. However, the online in silico ProTox-II program 
(Banerjee et al. 2018) predicts toxicity for 2-nonen-4-olide and 2-pentylpyridine. Interestingly, 
2-nonen-4-olide was proposed to be toxic with predicted LD50 of 34 mg/kg oral toxicity and 
with a good possibility to bind to prostaglandin G/H synthase 1 (see Suppl. Link 1). Binding to 
this target may contribute to the painkiller activity of henbane volatiles. 2-Pentylpyridine was 
proposed as a possible ligand to histamine receptor H1 (Suppl. Link 2). Proposals from this 
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7. Supplementary data 
 
 
Suppl. Figure. 1.  Map of the survey area about the ethnopharmacological uses of 
henbane in northern Iraq. The survey exclusively covered authorized practitioners in folk 






Suppl. Figure. 2. MS/MS Spectra for hyoscyamine and scopolamine @25V. Blue markers 
show the mother ions.  
 
 
Suppl.Table. 1 Mortality of C. elegans caused by volatiles released during the heating of 
2 g of henbane and soybean seeds at different temperature ranges and exposure time 
Seeds 
Temperature 
Time since the 




Mortality  % 
Henbane Soybean 
80-110°C 60 60 0 0 
75 15 0 0 
120-150 °C 60 60 100 0 

































Chapter 5. General discussion 
The purification of morphine from opium in 1905 by Friedrich Wilhelm Sertürner is considered 
the beginning of phytochemistry research (Hartmann 2007). Since then, more than 100,000 
secondary metabolites have been isolated from plants (Wink 2010). The classical extraction 
includes techniques like maceration or boiling of dried and ground plants materials with organic 
solvents such as alcohols, ethyl acetate, dichloromethane, and chloroform (Jones and Kinghorn 
2005). Generally, it is accepted that secondary plant metabolites cannot affect other surrounding 
organisms such as plants and soil microorganisms unless they are released into the environment 
through leaf leachates, root exudates, or volatilization (Cantor et al. 2011; Lorenzo et al. 2011; 
E.L. Rice 1984; Song et al. 2018).  
Plenty of research reported the biological activity of allelochemicals in vitro using simple 
bioassays ( reviewed by Lorenzo et al.  2013). Despite all of those reports, only a few studies 
have clearly proved the allelopathy in natural settings (Inderjit et al. 2005). However, it is 
difficult to confirm their proposed function at the organism level (Bednarek et al. 2009). 
Recently, more advanced and realistic methods have been involved in allelopathy research, but 
their contribution is still limited (Gómez-Aparicio and Canham 2008).  
Plants can avoid self-toxicity by keeping the toxic compounds away from the vital subcellular 
components through several mechanisms, such as excretion into the extracellular 
compartments, accumulation into vacuoles. It can also convert toxins into non-toxic forms  
(Sirikantaramas et al.  2007). The apoplast is considered the first line of defense against biotic 
and abiotic stresses. In addition, it can serve as a store where the components accumulated in it 
can be transported when needed either to the surrounding cells or exported to other plant parts 
(Clarkson 2007). 
In our study, we isolated the secondary metabolites using a method that mimics nature. We 
extracted the compounds from the intact plant parts by water, which is the only solvent available 
in nature. Therefore, we assumed that the chance to isolate a compound that possesses an 
ecological role from apoplast using water extraction is higher than the chance of the classical 
total extraction with organic solvents. 
Furthermore, we applied numerous bioassays and techniques to investigate the biological 
activity of secondary metabolites. For instance, we evaluate the phytotoxicity in the whole plant 





antifeedants. We also studied the release of secondary metabolites through artificial rainfall, 
root exudates, and the rhizosphere.  Moreover, we studied the leaching of the secondary 
metabolites in the soil and evaluate the effect of those metabolites on soil microorganisms using 
sophisticated molecular techniques such as qPCR and the profiling of soil bacteria communities 
with next-generation sequencing. 
By applying the concept of aqueous extraction from apoplast and the wide range of bioassays, 
we succeeded in determining several secondary metabolites that may possess biological activity 
in the plant species we tested. Our results obviously showed that the secondary metabolites we 
isolated could be released spontaneously from the living plants to the environment under natural 
conditions. This supports our hypothesis about the higher probability of isolating a compound 
that possessed an ecological function using aqueous extraction apoplast.  
The active metabolites we purified from the investigated plant species belong to three main 
chemical groups: alkaloids, phenolics, and aldehydes. 
Alkaloids are one of the largest groups of plant secondary metabolites. Generally, it is believed 
that most plant Alkaloids contribute to the defense against herbivores and microorganisms 
(Zayed and Wink 2004; Levinson 1976; Wittstock and Gershenzon 2002; Wink 2008; Harborne 
1993).  
In our study, two groups of biologically active alkaloids were isolated. The first group was 
purified from Galanthus nivalis. They are specific alkaloids confined to the family 
Amaryllidaceae (Chase et al. 2009; Kilgore and Kutchan 2016). Berkov et al. (2008) detected 
25 different alkaloids in G. nivalis, including the isolated alkaloids. However, the classical 
research of Amaryllidaceae alkaloids has mainly focused on their pharmaceutical properties 
and not ecological functions. Despite the vast number of Amaryllidaceae alkaloids that have 
shown pharmaceutical activities, galantamine is the only alkaloid that has been used as a 
commercial drug (Bastida et al. 2006; Berkov et al. 2012).  
Using the concept of aqueous extraction coupled with relevant bioassays, we proved that 
pretazettine, trihydroxybutanoyl hamayne, and lycoricidinol alkaloids could play a defensive 
function against soil microorganisms, nematodes, and insects. Furthermore, the abundance of 
alkaloids in the root exudate was proportional to the increasing of the compound polarity. Thus, 
pretazettine, which is comparatively soluble in water, was the dominant alkaloid in the root 
exudates. Interestingly, we could not determine any ecological function in which galantamine 
was involved. 
The second alkaloids group that we detected was tropane alkaloids. Tropane is an essential 





concentration of hyoscyamine and scopolamine in the seeds of Hyoscyamus niger, and that 
corresponded to what is already published.  
It is worth mentioning that the biosynthesis of tropane alkaloids occurs mainly in the roots, and 
then they are transported to the leaves and seeds, where they are stored (Kohnen-Johannsen and 
Kayser 2019). However, it has been suggested that plant parts that are under a significant risk 
of attack or which of special importance may be protected through the accumulation of high 
constitutive levels of the toxins (Wittstock and Gershenzon 2002). Baldwin and Callahan 
(1993) reviewed studies about the transport of plant alkaloids from their synthesizing tissue to 
other tissues where they serve as a defense mechanism against pathogens and herbivores. The 
bulbs of G. nivalis and the seeds of H. niger both are fundamental for reproduction, and both 
can survive in the soil for years. Hence, the accumulation of numerous toxic alkaloids may 
protect them from decaying and from herbivores. 
The second group of secondary metabolites that we investigated in our research was phenolics 
and particularly coumarins. They were isolated from Melilotus albus and possessed selective 
antimicrobial activity against some soil bacterial groups. However, coumarins are a known 
group of phenolics, and Zacchino et al. (2017) revealed that the majority of antibacterial plant 
secondary metabolites belong to phenolics and terpenoids. Furthermore, we proved that 
coumarins were involved in the phytotoxicity of the aqueous extract of M. albus. We suggested 
that the coumarins released from M. albus debris may contribute to the suppressiveness of 
weeds germination in the treated area. However, many phenolics have been reported as 
allelochemicals in natural and managed ecosystems. Moreover, the accumulation of phenolics 
in the rhizosphere may cause a reduction in the growth and yield of the crops (Li et al. 2010).  
We proved that the bioactive coumarins that we studied could be released from living plants 
into the environment through root exudation and leaching from leaves by rainfall.  We found 
that O-coumaric acid and melilotic acid were mainly detected as glycosides in the rain leachates 
and root exudates. That can be explained by the high water solubility of the glycosides 
comparing to the free phenolic acids.  However, it is known that several hydroxycinnamic acid 
derivatives can form esters with carbohydrates in the cell wall (reviewed by Agati et al. 2012). 
Moreover, glycosylation may reduce the toxicity of allelochemicals to prevent the self-toxicity 
in the producer plants (Sirikantaramas et al. 2007). For instance, it has been mentioned that 
glycosylation may be considered as a detoxification method to avoid the self-toxicity of 
benzoxazinoids in grasses (Sicker et al. 2000). On the other hand, when the glycosides reach 
into the soil, the hydrolysis of glycosidic bonds will occur thanks to soil microorganisms, and 





Furthermore, we purified a mixture of toxic volatiles from heated H. niger seeds. The main 
potential toxic compounds were 4-oxo-2-nonenal 4-hydroxynonenal, 2-heptenal, 4-oxo-
nonanal, and 2,3-epoxyoctanal. Generally, they were aldehydes formed through lipid 
peroxidation. (Zanardi et al. 2002; Guillén and Uriarte 2012; Dai et al. 2012; Guillén et al. 
2005). Those compounds were probably the source of the acute toxicity in brine shrimps. Where 
the doses of 125µg mL‒1 of the captured volatiles caused strong toxicity and almost total 
mortality in brine shrimps after 2 h of treatment, such severe toxicity has not been observed 
before with other secondary metabolites that studied. 
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Summary and outlook 
Plants produce secondary metabolites as an efficient defense mechanism against biotic stresses, 
and they can play a crucial role in tolerating abiotic environmental stresses as well. Secondary 
metabolites can contribute to the plant’s survival in the ecosystem in various ways. They 
include allelochemicals that are involved in interactions with microorganisms, herbivores, and 
other plants sharing the same ecological niche.  
Plenty of research reported the biological activity of allelochemicals in vitro, but only a few 
studies have proved the allelopathy in natural settings. Therefore, to mimic nature, we extracted 
secondary metabolites from the apoplast of the intact plant parts using water, which is the only 
solvent available in the environment. Furthermore, we applied numerous bioassays and 
sophisticated techniques to investigate the biological activity of the isolated secondary 
metabolites. 
We characterized secondary metabolites in the bulbs of Galanthus nivalis and the metabolites 
secreted by the bulbs and roots into the soil. We revealed that Amaryllidaceae alkaloids 
secreted into soil strongly affect gram-negative soil bacteria, as shown by quantifying major 
groups of soil bacteria by taxon-specific real-time PCR and by sequencing amplified bacterial 
rRNA genes. On the other hand, non-secreted bulb metabolites did not affect bacteria and fungi 
but are toxic to invertebrates, which suggests that they may confer to protection against soil-
dwelling herbivores. On the other hand, one of the investigated alkaloids (TBH) showed strong 
phytotoxicity against Lemna minor. 
Furthermore, we found that coumarins were involved in the phytotoxicity of the aqueous 
extract of Melilotus albus. We proved that the phytotoxic coumarins were released from living 
plants into the environment through root exudates and leaf leachates.  We suggested that the 
coumarins released from M. albus debris may contribute to the suppressiveness of weeds 
germination in the surrounding area. We also suggested that the presence of coumarins in root 
exudate might play an ecological role by modulating the rhizosphere to make it favorable for 
Rhizobia nodules initiation by inhibiting the antagonists. However, these speculations need to 
be proved through further experiments. 
Apart from the direct ecological functions, secondary metabolites provide a vast source of lead 
structures for therapeutic agents to humankind. For example, fumigation with heated henbane 
(Hyoscyamus niger) seeds has been used in folk medicine since the time of the ancient 
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Egyptians. In our study, we proved the nematicidal activity of the fume released from heated 
henbane seeds, and we characterized the potential toxic volatiles. Among the target 
metabolites, mixtures of toxic aldehydes that could have been formed during the heating 
process, mainly α, β-unsaturated aldehydes, were identified. Further investigations are required 
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